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Oxygenic photogranules (OPGs) are dense spherical microbial aggregates that are used for 
self-aerating wastewater treatment. Filamentous cyanobacteria are key granulating species, 
providing structural backbone and integrity in OPGs. Currently, the mechanisms for 
selecting filamentous cyanobacteria and their ability to form spherical OPGs are not well 
understood. Literature shows that iron (Fe) availability plays a significant role in the 
cyanobacterial growth and colony formation. Moreover, Fe availability is known to be 
dependent upon light, which is an essential growth substrate for the phototrophs.  
This research has investigated the role of Fe in the photogranulation phenomenon 
and the impact of light intensity on Fe availability. The central hypothesis of this research 
is that the limitation of available Fe selects filamentous cyanobacteria which drives the 
photogranulation process. It is also hypothesized that the fate of Fe availability is 
significantly influenced by light intensity, thereby affecting the rate of photogranulation.  
 viii 
The characteristics and fate of Fe was investigated in hydrostatic and hydrodynamic 
batches where activated sludge inoculum transforms into OPGs under illumination. Early 
sharp release of Fe into the bulk liquid occurred along with the development of anaerobic 
conditions and the presence of light (i.e., photochemical Fe reduction). This bulk-liquid Fe, 
however, declined quickly and remained low as batches continued and photosynthetic 
oxygenation prevailed. Fe associated with biomass-bound extracellular polymeric 
substances (bEPS-Fe) declined over the course of batches and reached steady values 
around the time when mature OPGs appeared. Pellet Fe fraction, consisting of intracellular 
Fe, Fe precipitates/minerals, and unextracted bEPS-Fe, increased during the cultivation 
period. Spectrophotometric techniques revealed the presence of amorphous ferric oxides 
in biomass, which did not undergo significant changes by photogranulation. The results 
demonstrated that the limitation of available Fe, via decreases in bEPS and bulk liquid 
fractions, induces cyanobacterial community to form a granule to utilize Fe 
precipitates/minerals over time. 
Results also showed the limitation of Fe availability in bulk liquid and bEPS 
fractions increased with light intensity which, in turn, accelerated the rate of 
photogranulation. Light intensity also influenced the cyanobacterial physiology in terms of 
motility and pigment in the OPG biomass.  
Overall, these research findings are expected to enhance our fundamental 
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Since development from the early 1980’s, processes based on granulation have 
emerged in environmental biotechnologies 1–4. Compared to conventional activated sludge 
flocs, granular biomass, such as aerobic or anaerobic granules, exhibits a dense spherical 
structure with good settling properties 1,5,6. These characteristics render effective biomass 
separation, a key step required for any bioprocess, while promoting the use of compact 
systems for effective wastewater treatment.   
The latest advancement in granule technologies has brought attention to another 
granule type, namely photogranules, which form in the presence of an illumination source 
7–14. These photogranules are different from conventional aerobic granules due to the 
abundant presence of phototrophic communities, such as microalgae and/or cyanobacteria, 
along with heterotrophic bacteria in a granular biomass 9. The photogranule-based process 
has the potential to treat wastewater with biomass-based oxygenation (i.e., photosynthesis) 
instead of external aeration, which currently causes the highest energy demand in the 
activated sludge process 15. Furthermore, since photogranules have a compact, spherical 
structure with good settling ability, they can meet the current biomass harvesting 
challenges posed by algal-based systems 7,9–11,13.  
According to the literature, photogranules can be produced under hydrodynamic 
air-lift conditions using a variety of different seeding sources 7–10,12. The seeding sources  
include a mixture of (a) aerobic granules and unicellular microalgae consortia 10, (b) 
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activated sludge and phototrophic biofilm 8,9 and (c) aerobic granules and previously 
formed photogranules 12.  
Recently, Milferstedt et al. 11 introduced another means of producing photogranules 
namely oxygenic photogranules (OPGs) under hydrostatic cultivation using activated 
sludge as inoculum. The study reported the transformation of activated sludge into OPGs 
under batch hydrostatic conditions with a source of illumination. These hydrostatically-
produced OPGs show the presence of a mat-like layer of motile, filamentous cyanobacteria, 
which encloses non-phototrophic biomass in a rigid, spherical structure 11,13,14,16,17. These 
OPGs have been utilized as a seeding source for a rapid start-up of bio-reactors, treating 
wastewater without external aeration 13. Gikonyo et al.18 also recently reported that OPGs 
can be directly produced from activated sludge inoculum in the presence of mixing, 
although this hydrodynamic OPG formation occurs only under given combinations of 
mixing, light, and inoculum biomass conditions.  
Previous research on OPGs has spent significant efforts to gain better understanding of 
the mechanisms for the formation of these OPGs. Studies have included microbial ecology 
11,16, characterization of extracellular polymeric substances (EPS) 11,14, microstructure 
11,13,14, oxygen profiling 13,19, as well as the fate of dissolved nitrogen and organic carbon 
13,14,16 during the progression of photogranulation in both hydrostatic and hydrodynamic 
environments. However, the cause of photogranulation is still not well understood. For 
instance, studies 14,16 have tried to explain the shift in phytoplankton community and OPG 
formation by the limitation of inorganic nitrogen. Under light source of 10 klux (~ 150 
µmol/m2-s), hydrostatic cultivation showed a bloom of microalgae before cyanobacterial 
growth. Kuo-Dahab et al.14 reported that this shift occurs because cyanobacteria can utilize 
 3 
organic nitrogen, which was made available by the release of EPS whereas microalgae 
cannot grow on such a form of nitrogen. Kuo-Dahab et al. 14, however, could not explain 
why cyanobacterial growth reached a plateau (in terms of chlorophyll a) and stopped 
growing even though there was still an available pool of nitrogen, carbon and light source. 
The results of these previous studies imply that there may be other factors, which lead to 
the decline of active growth of cyanobacterial growth but enhancing granulation.  
Iron (Fe) is an essential micronutrient that plays a central role in numerous cellular 
processes in phytoplankton, which includes photosynthesis, respiration, pigment synthesis, 
nitrogen assimilation and fixation 20–22. Fe is known to limit aquatic primary productivity 
20,23,24 and affect biosynthesis of primary and secondary metabolites, which can induce 
physiological changes in cells 25. Among the microbes, cyanobacteria have an 
exceptionally high iron requirement (compared to heterotrophic bacteria and eukaryotic 
algae) due to high Fe content in their photosynthetic apparatuses 22,26–30. Consequently, 
cyanobacteria are equipped with multiple modes of Fe uptake 24,30 to compete with other 
phototrophic microbes and meet their cellular Fe requirement under Fe limited 
environments. Literature has also shown that limitation of available Fe induces 
cyanobacteria to form puff or tufts-like aggregates 31–33. Furthermore, cyanobacterial 
colony has also been reported to interact with their associated bacterial community 
(residing within their colony core) to utilize dust and mineral Fe via symbiosis under 
limited Fe environment 34,35. These literature findings, hence, suggest that limitation of Fe 
availability may play an important role in cyanobacterial aggregation and ultimately 
formation of photogranules.   
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Recent studies have stated that the fate of Fe can be affected by light intensity 21,22,36, 
which is the basic driving force for the photogranulation process. Light is an essential 
growth requirement for all phototrophic communities. A study reported a strong coupling 
between Fe and light due to the heavy involvement of Fe in the photosynthetic process 22. 
Studies have also demonstrated that light intensity can affect Fe availability in the aqueous 
environment via photochemical reduction process 21,30,37. Beyond the impact on the fate of 
Fe, light patterns also affect the phototrophic community in terms of morphology 38–40, 
pigmentation 40–44 and behavioral characteristics 38,41,45. These morphological and 
physiological changes, in turn, impact the symbiotic relationship between phototrophs and 
other microorganisms (e.g., heterotrophs), causing temporal and spatial variations in a 
phototrophic biofilm 41,45,46. Our previously reported OPG studies 11,13,14,16 were conducted 
under a light intensity of 10 klux (~ 150 µmol/m2-s). It, therefore, presents an opportunity 
to elucidate the impact of light intensity on photogranulation phenomenon and its 
relationship with available Fe.  
 The main objective of this research was to investigate the role of Fe in the formation 
of OPGs and, to understand the impact of light intensity on Fe availability and the 
photogranulation phenomenon. The main research hypothesis was that limitation of 
available Fe selects cyanobacteria, a key microbe in OPG, and drives the photogranulation 
process. It was further hypothesized that light intensity will impact Fe availability, which 
in turn, will affect the rate of photogranulation. To examine these hypotheses and achieve 




Investigating the role of iron in the formation of oxygenic photogranules (Chapter 3) 
This chapter presents a detailed investigation of the fate and dynamics of Fe during the 
formation of OPGs under hydrostatic condition. The working hypothesis was that the 
limitation of available Fe will drive photogranulation by selecting cyanobacteria. This 
study determined the levels of Fe in bulk liquid, biomass-bound extracellular polymeric 
substances (bEPS), and whole biomass during the transformation of activated sludge into 
OPGs. Speciation of Fe in bulk liquid in terms of size distribution and oxidation state was 
also determined. Sharp release of Fe into the bulk liquid occurred under anaerobic 
conditions as a result of sludge Fe reduction. However, the level of Fe in the bulk liquid 
quickly declined and remained low until the completion of granule formation. Fe associated 
with bEPS (bEPS-Fe) continued to decline over the course of cultivation, reaching stable 
levels around the time mature OPGs appeared. The study found strong negative correlation 
between bEPS-Fe and cyanobacterial growth, whereas eukaryotic microalgae showed more 
reliance on bulk-liquid Fe for growth. The progression of photogranulation led to an 
increase in pellet Fe, which consisted of intracellular Fe, Fe precipitates/minerals and 
unextracted bEPS-Fe. Spectrophotometric techniques revealed the presence of amorphous 
ferric oxides, which did not undergo significant changes during the formation of OPGs. 
These results suggest that as easily available Fe, i.e. Fe in the bulk liquid and bEPS, 
becomes limited, the cyanobacterial community starts aggregating to form OPG to access 
an unconventional pool of Fe (Fe precipitates/minerals) via bacterial symbiosis or 
alternative Fe uptake mechanisms.   
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Impact of light intensity on iron availability and photogranulation process under 
hydrostatic conditions (Chapter 4) 
This chapter investigates the relationship between light and Fe availability and its 
impact on photogranulation in hydrostatic cultivations. The hypothesis of this study is that 
changes in light intensity affect the rate of photogranulation by influencing Fe availability. 
Activated sludge inoculum was incubated in 20 mL glass vials and placed under settings 
of low (27±9 µmol/m2-s), medium (180±36 µmol/m2-s) and high (450±56 µmol/m2-s) light 
intensities. The light intensity influenced the rate as well as the amount of Fe released into 
the bulk liquid. With increasing light intensity, the rate of Fe release increased whereas the 
amount of Fe release decreased. Photochemical reduction experiments showed this to be 
net bulk liquid total Fe release as higher total Fe content was released in activated sludge 
sets containing the strong ferrous chelator ferrozine. These results demonstrated that higher 
light promotes phototrophic growth (especially eukaryotic green microalgae), which 
rapidly consumes released Fe, thereby creating limitation of available Fe pool in bulk liquid 
environment. The rate of bEPS-protein degradation and bEPS-Fe utilization also increased 
with light intensities. Both the bEPS-protein and the bEPS-Fe pool reached low stable 
levels around the time when mature OPGs formed. The study found strong negative 
correlation between cyanobacterial growth and bEPS-Fe pool. Light intensity also 
influenced cyanobacterial abundance and physiology in terms of vertical migration and 
pigment synthesis during the progression of photogranulation. These results helped the 
study to conclude that the limitation of available Fe increases with light intensity, which 
promotes the rate of photogranulation.  
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The fate and dynamics of iron during the transformation of activated sludge into 
oxygenic photogranules under hydrodynamic batch conditions (Chapter 5) 
 Recently it has been demonstrated that OPGs can be directly produced from 
activated sludge under hydrodynamic batch conditions18. The produced OPGs via this path 
shared similar morphological and physicochemical characteristics with OPGs produced in 
bioreactor operation seeded with hydrostatically-produced OPGs 18. We hypothesized that 
the limitation of Fe availability also drives photogranulation in hydrodynamic batch 
cultivation. This hypothesis was examined in Chapter 5 where replicate 1 L batches were 
operated with 1:1 diluted activated sludge, 20 rpm mixing and continuous illumination of 
126±9 µmol/m2-s. Like hydrostatic cultivation, the development of initial anaerobic 
conditions led to the release of Fe into the bulk liquid. This bulk-liquid Fe quickly declined 
and remained low during the remaining period of cultivation. Fe associated with biomass-
bound extracellular polymeric substances (bEPS-Fe) continued to decline and ultimately 
reached stable levels during the course of cultivation. Cyanobacterial growth exhibited 
negative correlation to both bEPS and bulk-liquid Fe pool whereas eukaryotic microalgae 
showed more dependence on bulk-liquid Fe pool than bEPS-Fe for growth. The removal 
of Fe from bulk liquid and bEPS led to an increase in Fe in the remaining pellet fraction. 
This increase in pelletized Fe over the course of photogranulation is postulated to be due 
to an increase in intracellular Fe content. Overall, the study demonstrated that limitation of 
available Fe (Fe from bEPS and bulk liquid) promoted the formation of OPGs. These 
observations were similar to earlier batch hydrostatic cultivation, suggesting the shared 
photogranulation phenomenon under the two batch conditions. 
 8 
Overall, this doctoral research helps to gain new insights on the photogranulation 
phenomenon by better understanding the selection and involvement of cyanobacteria 
during the OPG formation. The outcome of this research is also expected to enhance the 
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Aquatic environment. Iron (Fe) is one of the most copious elements found in the Earth 
yet it limits primary productivity in many aquatic ecosystems 1. Fe commonly exists in two 
oxidation states namely ferrous [Fe(II)] and ferric [Fe(III)] 2. Fe (II) is soluble in water 
under anoxic conditions. In the presence of dissolved oxygen, Fe (II) rapidly converts into 
Fe (III) at circumneutral pH. This is because Fe (II) is thermodynamically unstable with an 
oxidation half-life of a few minutes in surface water. This makes quantification of Fe (II)  
species particularly challenging 3. 
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A unit increase in solution pH has been reported to increase the oxidation rate (1) 
by a factor of 100. At pH 7, the equilibrium solubility of Fe (II) is almost six orders of 
magnitude higher than that of Fe (III) 4. Likewise, temperature, light intensity, dissolved 
organic carbon (DOC) and dissolved oxygen (DO) have also been found to affect Fe (II) 
concentration and oxidation rate 5.  
In the aquatic environment, several dissolved Fe species exist as Fe (III), however 
they are all present in low concentrations ranging from nano to sub-nanomolar 
concentration 6. Major ferric species include inorganic ferric hydroxides which 
predominately exists as Fe(OH)-4, Fe(OH)3 and Fe(OH)+2. Inorganic ferric species are 
collectively annotated as Feˊ 7 and make up only 1% of the total dissolved Fe pool (size 
fraction <0.02μm) in aquatic environment, while 99% belongs to Fe chelated to various 
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organic ligands 8 9. Feˊ are the most available Fe form to phototrophs. The colloidal and 
particulate pools of Fe (size fraction >0.02μm) are not considered to be directly accessible 
by phototrophs. However, these fractions can undergo a series of biological and 
photochemical transformations that can result in an important source for available Fe 8,10.  
The aqueous chemistry of Fe can be affected by various factors including pH, 
alkalinity, and ligand concentrations, which can ultimately affect the fate of Fe in the 
aqueous environment 11. Among given parameters, Fe (III) speciation is strongly dependent 
upon pH in aquatic environment. In the absence of other ligands, Fe (III) exists as 
hydroxide complexes, throughout the pH range of natural waters (6.5-8.5).  
Activated sludge. The source of Fe in activated sludge system is influent wastewater 12,13. 
The existing literature emphasizes that activated sludge contains substantial amounts of Fe, 
with approximately 70 to 90% existing as Fe (III) 14. The presence of abundant Fe (III) is 
most probably due to its low solubility and higher charge valence (as compared to divalent 
cations) which contributes to increased floc stability 15. Fe mostly resides within the sludge 
biomass matrix, which has been validated by numerous studies observing high turbidity in 
sludge bulk water once the sludge underwent Fe reduction via Fe-reducing bacteria 16 or 
sulfate reduction to sulfide 14. Park et al. 12 also observed negligible Fe content in the 
soluble fraction of activated sludge from multiple WWTPs. Ferric Fe demonstrates strong 
affinity to activated sludge EPS proteins. Previous studies have postulated that large 
amounts of iron-linked proteins were released during anaerobic digestion due to Fe 
reduction 12,13. Kuo-Dahab et al, 17 made a similar conclusion when base extracted EPS-
protein declined significantly during the initial incubation period of a hydrostatic 
photogranulation process, which may promote the development of anaerobic conditions. 
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EPS proteins (extracted via base treatment) are bonded with Ferric Fe 18. Therefore, it can 
be speculated that this EPS protein fraction will be a source of available Fe when it 
undergoes decline along with the progression of photogranulation. Protein is a major 
component of activated sludge EPS 19. It is reasonable assumption that the majority of the 
Fe exists within the EPS of activated sludge since Fe demonstrates strong coupling with 
proteins. Fe can also be bound to extracellular polysaccharide in the presence of uronic 
acid and is reported to accumulate over the outer polysaccharide sheath of cyanobacteria 
20,21. These Fe precipitates on the outer EPS sheath can also be involved in the Fe uptake 
mechanism by cyanobacteria 22.  
Fe also exists in activated sludge as ferric hydroxide precipitate. Fe (III) salts are 
widely used in wastewater treatment systems as coagulants and phosphorous-removing 
agents. Addition of Fe (III) salts in water, near neutral pH, produces insoluble Fe(OH)3 (s) 
which serves as an important inorganic adsorbent for many polar, weakly ionic species and 
natural organic matter (NOM) 4. The sorption of NOM to the surface of ferric oxides 
commonly occurs as a reaction between the carboxylic functional group of organic matter 
and the surface site. It should be noted that the formation reactions of Ferric-organic matter 
precipitates and sorption of organic matter onto hydrous metal oxide precipitates occur 
simultaneously.  
 
Iron as an essential micronutrient for microbial growth  
Iron (Fe) is an essential element for phytoplankton as it serves in essential metabolic 
functions including the respiratory and photosynthetic electron transport chain (ETC), 
nitrate assimilation, nitrogen fixation and prevention of reactive oxygen species based 
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toxicity 11,23–26. According to the literature, two of the most energy intensive processes in 
the cell, nitrogen reduction and carbon fixation via photosynthesis, are greatly dependent 
upon compounds containing Fe 11. In photosynthesis, Fe is required for Fe containing 
compounds in the ETC: cytochrome f, Fe-S protein and ferredoxin. Decreased levels of 
ferredoxin, cytochrome c and cytochrome b6f in algae results from Fe limitation, which 
consequently decreases the electron transfer flow during photosynthesis 27. Besides the 
ETC, Fe is also found within the reaction center of both photosystems with PSI consisting 
of 12 Fe atoms while PSII contains 2-3 Fe atoms 28. Due to their Fe-abundant 
photosynthetic apparatus, phytoplankton have significantly more Fe demand as compared 
to heterotrophic bacteria 2825. Among phytoplankton, cyanobacteria have a higher Fe 
requirement of 22 Fe atoms per complex to sustain electron flow between PSI and PSII 29. 
Cyanobacteria also have higher PSI/PSII and cytochrome b6f/PSII ratios than eukaryotic 
algae, which reflect a higher Fe requirement as well as higher photo-tolerance ability 25,30.  
Fe is also required by phytoplankton for the biosynthesis of pigments. The pigments 
themselves do not contain iron; however, the biosynthesis of chlorophyll and phycobilin 
pigments involve Fe-dependent steps 11. According to Beale 31, heme is a precursor for 
phycobilin synthesis, and hence a Fe limited environment will result in depletion of 
phycobilin pigment production in cyanobacteria. Fe limitation also leads to decreased 
cytochrome synthesis and potential impairment of thylakoid membrane, which results in 
capture of fewer photons in cyanobacteria. This severely decreases the photosynthetic 
process with regards to carbon fixation and availability of reductive energy 11.  
In addition to the photosynthetic pathway, Fe has an integral role in the synthesis 
of essential enzymes in the nitrogen reduction pathway. Fe is directly involved in the nitrate 
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reduction pathway via nitrite reductase 32 and as a ferredoxin cofactor in nitrate reductase 
33. Fe is a structural constituent of the nitrogen fixing enzyme nitrogenase as well as nitrate 
assimilation enzymes 25. The entire nitrogen reduction pathway requires “reductive power” 
generated from photosynthesis, which as mentioned earlier, also requires Fe as part of its 
ETC. Cyanobacteria capable of nitrogen fixing may need up to 10 times more Fe than the 
usual requirement since the nitrogenase enzyme contains at least 38 Fe atoms per holozyme 
11,34.  
The Fe requirement of phytoplankton is strongly influenced by source of nitrogen 
11,25. Phytoplanktons growing on ammonia have a lower Fe requirement than growth in 
nitrate (NO3-). This is because phytoplankton need more Fe to convert NO3- into ammonia 
so it could be directly incorporated into amino acids 25. According to Reuter J. G. et al 11, 
phytoplankton demonstrate three growth-domination regions (high, intermittent and low) 
based on Fe and NO3-  availability. High Fe: NO3- region tend to favor cyanobacteria, 
especially N2-fixation cyanobacteria, while low Fe: NO3- region seems to show domination 
of eukaryotic algae.   
The total cellular Fe content in algae has been estimated to be 1-3% of cellular 
phosphorus content, on a molar basis 35. In contrast, cyanobacteria have been reported to 
require more Fe content than eukaryotic algae to support their metabolic growth rates. 
According to Brand 36, cyanobacterium Synechococcus sp. demonstrated higher cellular 
Fe: P requirement of 2–38 µmol mol−1 as compared to 0.1-10 µmol mol−1 by oceanic and 
coastal eukaryotic algae. Similarly, Sunda et al. 37 found that the cyanobacterium 
Synechococcus bacillaris required 5 to 8 fold higher cellular Fe:C ratio than coastal 
eukaryotic algae under similar lighting conditions. Cyanobacteria also require as much as 
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ten magnitude higher Fe than non-photosynthetic prokaryotes 38. According to Keren et al, 
38 iron-storage proteins, namely ferritins and bacterioferritins, have also been expressed in 
cyanobacteria. The cyanobacterium Synechocystis sp. PCC 6803 was found to contain 
bacterioferritins that were responsible for up to 50% of cellular iron storage 38. Fe 
availability can limit cyanobacterial carbon and nitrogen fixation rates and is also shown 
to affect cyanobacterial species composition and abundance 8.   
  
Iron uptake mechanisms in microorganisms 
The availability of Fe-substrate is not only dependent upon its chemistry but also 
on the Fe-uptake mechanisms available to microorganisms. Considering the low 
availability of dissolved iron in aquatic systems, mechanisms are required to effectively 
utilize different Fe substrates in the environment. 
One of the most common and well-documented Fe-uptake mechanisms in 
microorganisms is the Fe reductive mechanism. Reductive strategy involves reduction of 
Fe (III) (free or complexed form) into the Fe (II) form before its transport across the plasma 
membrane. According to Kranzler et al, 1 the reductive strategy plays a central role in the 
acquisition of free and organically bound Fe by cyanobacterium Synechocystis sp. The 
Anabaena sp. is also reported to perform reductive mechanism to utilize dissolved ferric 
hydroxide species (Feˊ) 39. In eukaryotic algae, Fe (III) reductases are located on the plasma 
membrane and are responsible for the dissociation of ligand-bounded Fe (III) complexes 
and subsequent release of Fe (II), which is the preferred source of Fe for phytoplankton40,41. 
Photo-reduction of Fe (III)-organic complexes may also release bio-accessible Fe (II) 
complexes for algal uptake 42, which may also occur in hydrostatic cultivation. 
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Extracellular reduction of Fe (III) iron species (via reductase) prior to cellular transport has 
also been reported in non-photosynthetic prokaryotes 43 
Unlike eukaryotic algae, which are dependent upon the reductive mechanism for 
Fe uptake, many cyanobacteria and prokaryotic bacteria demonstrate another type of Fe 
uptake mechanism, namely, siderophore-mediated. Since cyanobacteria have a high Fe 
requirement than eukaryotic algae, they need a mechanism to be able to compete with algae 
in a Fe limited environment. Fe availability in the aqueous environment is low and mostly 
in the form of Fe (III) complexes which cannot be readily uptaken passively by 
microorganisms. Under such low Fe environments, many cyanobacteria have the ability to 
produce extracellular, low molecular weight Fe (III)-specific ligands (high Fe (III) affinity) 
namely siderophores, to scavenge and transport Fe into the cells 1144. Once attached to Fe, 
the Fe (III)-siderophore complexes are conveyed back into the cell via siderophore specific 
transporters proteins located in cell membrane. The decomplexation of the Fe (III)-
siderophore usually occur in the cytoplasm 45. The siderophore mechanism, hence, 
provides cyanobacteria with an ecological advantage over eukaryotic algae in an Fe limited 
environment.  
Anabaena sp. can exhibit both Fe reductive and siderophore-mediated mechanisms. 
Anabaena sp. are subsection III filamentous cyanobacteria that have been found in 
oxygenic photogranules (OPG) 46. Among the two Fe uptake mechanisms, the 
endogenously produced siderophore complexed to Fe has been concluded as more efficient 
means of Fe uptake in Anabaena sp. 39. Anabaena sp. is known to secrete an α-carboxylate-
hydroxamate siderophore, namely schizokinen 47. In most cases, the siderophore based iron 
uptake rate increases with increasing iron starvation. Filamentous cyanobacteria 
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Oscillatoria sp., Spirulina sp. and Synechococcus sp. are stated to thrive well in low 
available iron environment due to siderophore mediated mechanism 48,49. Oscillatoria 
tenuis has been reported to produce two types of siderophores namely (a) catechol-type, 
and (b) hydroxamate-type. The two siderophore types have different characteristics. In 
terms of functional groups, catechol-type siderophores chelate Fe (III) iron via hydroxyl 
groups, while hydroxamate-type siderophores chelate Fe (III) iron via a carbonyl group 
with an adjacent nitrogen 50. These siderophores are also produced at different Fe-levels 
suggesting that the two different Fe regulated uptake systems can exist within a 
cyanobacteria. Production of both siderophore types enhances the growth rate of 
cyanobacterium, whereas if only hydroxamate-type is produced, then lower than maximum 
growth rate is achieved 44. Catechol-type siderophores have higher Fe (III) affinity i.e. they 
form strong, stable, poor water-soluble Fe (III) complexes in alkaline conditions. Besides 
cyanobacteria, numerous gram-negative bacteria also produce siderophores under iron-
scarce conditions.  
Recent studies have reflected that not all cyanobacteria possess the siderophore 
based uptake system and that alternative iron acquisition pathways exist in cyanobacteria 
8. Some experimental work has pointed out that siderophore producing species also have 
an siderophore independent Fe-uptake pathway e.g. superoxide-mediated Fe-reduction by 
cyanobacteria Lyngbya majuscule51. A pili-facilitated Fe reductive uptake mechanism has 
also been suggested to occur in cyanobacteria 52–55. Pili is a hair-like appendage present on 
the outer surface of cyanobacteria or bacteria. Pili structure acts as an electrical conducting 
nanowire which facilitates electron transfer from cell surface to extracellular electron 
acceptors like Fe oxides 52–54. Lamb J.J et al. 54 also suggested that the presence of pilin 
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protein PilA1 promoted the Fe reduction mechanism in cyanobacterium Synechocystis sp. 
PCC 6803. Literature suggests that Fe reduction and uptake is beneficial for low-density 
cyanobacterial cultures, while at high densities the siderophore uptake mechanism is 
preferred 39.  
 
Interacting effects of iron and light availability on phytoplankton growth 
The phytoplankton cellular iron requirement is dependent upon light availability. 
According to Schoffman et al, 25 low light conditions will increase the Fe requirement in 
phytoplankton so it may meet light energy needs by producing more active photosynthetic 
units (PSU). PSU demonstrate a heavy dependency on Fe since more than 50% of 
metabolic Fe resides in the photosynthetic apparatus 28,56. The extent of Fe and light 
availability can, hence, either induce inhibition of photosynthetic activity, ultimately 
phytoplankton growth, (under dual limitation) or promote their bloom (under dual rich 
conditions) 25,57. It should be noted that high light/ low Fe conditions can also induce 
oxidative stress in cells which can trigger photo-oxidation phenomena 58. Phytoplankton 
physiology also has a biochemical codependence on light and Fe availability 59. The 
combination of light and Fe availability could be suggested as a switch that triggers a 
cyanobacterial bloom. Cyanobacteria can effectively compete with other phytoplankton 
species for the Fe pool under low light via multiple Fe-uptake mechanisms (especially 
siderophore secretion), enhanced phycobilin production and the ability to vertically 
migrate, which eventually promotes their dominance 60. Motile cyanobacteria, especially 
Oscillatoria sp., has the ability to vertically migrate in microbial biofilms to capture 
adequate light energy or to prevent photoinhibition 61,62.  
 21 
Light is also known to induce Fe reduction in surface waters via photochemical 
reduction. Ligand-to-metal charge transfer (LMCT) is a light mediated Fe redox process 
that plays a critical role in photochemical reduction during daytime 24,63,64. In this process, 
Fe (III) complexed with photo-liable organic ligands, like aminocarboxylate, carboxylate, 
carboxylic acid, catecholate etc., releases unchelated Fe (II) once electrons transfer from 
ligand to the metal center during the irradiation period 65. This photo-generated Fe (II) pool 
is considered to be the most accessible form of Fe for phytoplankton, which is supported 
by increased biological Fe uptake by a factor of 2-15 65,66. Similarly Fujii et al. 24 states 
that Fe availability increases due to an increase in the concentration of photo-produced 
unchelated Fe (II) and potentially unchelated Fe (III). Sunda et al. 67 also stated that 
photoreductive dissociation of natural occurring ferric colloids or chelates in seawater can 
potentially produce “free” iron (Fe′) pool by over 100-folds. The photogenerated 
unchelated Fe (II) uptake can occur rapidly via passive diffusion through non-specific 
transmembrane protein channels (porins) 24. The photoreduction rate is also reported to 
increase linearly with increasing light intensity and is independent of temperature. 
According to Long Fu et al 58, the Fe/ligand ratio determines the requirement for 
photochemical reduction. If Fe (III) is strongly bound with ligands at low Fe/ligand ratio, 
then organically complexed Fe (III) needs to be photochemically reduced and dissociated 
to unchelated Fe (II) for effective uptake 58,68,69. In contrast, a high Fe/ligand condition 
induces rapid exchange and production of unchelated Fe (III) from Fe (III) -ligand 
complexes 70. The Fe/DOC ratio has also been suggested to impact cyanobacterial Fe 
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INVESTIGATING THE ROLE OF IRON IN THE FORMATION OF OXYGENIC 
PHOTOGRANULES 
Abeera A. Ansari, Arfa A. Ansari, Ahmed S. Abouhend, and Chul Park 
 
Abstract 
Oxygenic photogranules (OPGs) are spherical dense microbial aggregates used for self-
aerating wastewater treatment. Filamentous cyanobacteria are the key granulating species, 
providing the structural backbone and integrity of OPGs. Currently, the mechanisms for 
selecting filamentous cyanobacteria and their forming spherical OPGs are not well 
understood. Here, we investigated the role of iron (Fe), an essential element that 
cyanobacteria need in larger amounts compared to eukaryotic microalgae and heterotrophic 
bacteria, in the photogranulation process. We studied the characteristics and fate of Fe in 
batch cultivations in which activated sludge inoculum transforms into OPGs under 
hydrostatic conditions. We observed early sharp release of Fe into the bulk liquid, which 
occurred along with the development of anaerobic conditions and the presence of 
illumination (i.e., photochemical Fe reduction). This bulk-liquid Fe, however, declined 
quickly and remained low as batches continued and photosynthetic oxygenation prevailed. 
The level of Fe associated with biomass-bound extracellular polymeric substances (bEPS-
Fe) declined over the course of cultivation and reached steady values around the time when 
mature OPGs appeared. We found strong negative correlations between bEPS-Fe and 
cyanobacterial growth, indicating a strong influence of this Fe pool on their growth in 
OPGs. Algae grew faster than cyanobacteria and seemed to show more reliance on bulk-
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liquid Fe available during early batch periods. The decreases in bulk-liquid Fe and bEPS-
Fe led to an increase in pellet Fe, consisting of intracellular Fe, Fe precipitates/minerals, 
and unextracted bEPS-Fe. Spectrophotometric techniques revealed the presence of 
amorphous ferric oxides in biomass, which did not undergo significant changes by 
photogranulation. These results suggest that the presence and utility of bEPS-Fe induces 
the selection of cyanobacteria and the later limitation of this Fe pool may enhance the 
cyanobacterial community to form OPGs for their use of Fe precipitates/minerals or 
recycling of Fe they have already obtained.   
 
Introduction  
Iron (Fe), one of the most abundant elements on earth, is an essential micronutrient 
for all microbial growth. It is a critical element in numerous cellular processes, including 
photosynthesis, respiration, pigment synthesis, nitrogen assimilation and fixation 1–3. In the 
photic zones of aquatic environments 1,4,5, Fe is known to limit the productivity of primary 
producers (phototrophs) and affect biosynthesis of metabolites, which can induce 
physiological changes in cells 6.  
Phototrophic prokaryote, cyanobacteria require a higher level of Fe compared to 
eukaryotic microalgae and heterotrophic bacteria, due to their photosynthetic apparatuses 
having a high Fe content 3,7–11. To meet their cellular Fe requirements and compete against 
other phototrophic microbes, cyanobacteria exhibit multiple Fe uptake mechanisms. The 
uptake via Fe reductive mechanism 5,12 includes superoxide-mediated Fe reduction 13 and 
pili-facilitated Fe reduction and transport 14–17. Unlike microalgae, cyanobacteria can also 
thrive in Fe-limited oxic environments by producing extracellular, low-molecular-weight 
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Fe (III) chelators, siderophores, that scavenge and transport Fe into the cells 1,4,18,19. 
Cyanobacteria can also undergo numerous physiological adaptations to Fe limitation in 
oxic environments; one example is substituting Fe-containing ferrodoxin with Fe-free 
flavodoxin electron-transfer protein 20. It has also been shown that Trichodesmium sp., 
marine filamentous cyanobacteria, also tend to aggregate and form puff or tuft-like colonies 
under conditions of limited Fe 21–23. Trichodesmium colonies, in turn, are reported to 
interact with their associated bacterial community (residing in the colony core) to utilize 
dust and mineral Fe via symbiosis 24,25.  
Sphere-like aggregation of filamentous cyanobacteria has been observed in 
different environments. Oxygenic photogranules (OPGs) are dense microbial aggregates 
growing in wastewater systems, which consist of a mat-like layer of filamentous 
cyanobacteria that enclose microalgae and heterotrophic bacteria in a spherical structure 
26,27. OPGs can be produced by incubating activated sludge in a hydrostatic (non-agitated) 
environment with a source of illumination 26. These hydrostatically-produced OPGs have 
been used as seed for bioreactors, treating wastewater without aeration 26,28,29, which 
currently causes the highest energy demand in wastewater systems.  
Studies that conducted hydrostatic cultivation of OPGs reported consistently that 
unicellular green microalgae make early bloom during batches. Then, they observed 
substantial growth of filamentous cyanobacteria to follow 27, although the main granulation 
was not observed until the increase in the population of cyanobacteria reached the end. 
Based on MiSeq DNA sequencing, Milferstedt et al. 26 reported that Oscillatoriales, 
subsection III cyanobacteria that are filamentous and possess motility, are enriched in 
OPGs regardless of the source of activated sludge inoculum. Selection of these filamentous 
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cyanobacteria after early bloom of microalgae has been linked with the depletion of 
dissolved inorganic nitrogen and the ability of cyanobacteria to utilize organic nitrogen27,30, 
such as proteins in extracellular polymeric substances (EPS) of activated sludge. However, 
Kuo-Dahab et al. 27 also showed that when the cyanobacterial growth stopped, nutrients 
were still available in the bulk liquid, which included nitrate (produced by nitrification with 
oxygenic photosynthesis), dissolved organic nitrogen, phosphate, and dissolved inorganic 
and organic carbon. The reports from these earlier studies, therefore, suggest that the 
development of some other limiting conditions restricted the growth of cyanobacteria and 
promoted the formation of a spherical aggregate product. 
Considering the significance of Fe in cyanobacterial growth and their physiology, 
we hypothesize that the availability of Fe has significant influence on the selection of 
cyanobacteria and its limitation has major impact on the formation of spherical OPGs. To 
examine the hypothesis, we investigated the characteristics and fate of Fe during the 
transformation of activated sludge into OPGs in closed hydrostatic batches. We determined 
the quantity and oxidation state of Fe in dissolved and colloidal fractions of bulk liquid and 
tracked changes in the levels of Fe associated with biomass-bound extracellular polymeric 
substances (bEPS) and the remaining biomass pellet. In addition to microscopy, we 
employed various spectroscopies to explore the presence of crystalline and amorphous Fe 
in the photogranular biomass. The results of this study are expected to help gain insight on 
the role of Fe in the formation of OPGs and enhance our basic understanding of 




Material and Methods 
Hydrostatic cultivation of oxygenic photogranules. Activated sludge was collected from 
the aeration basins of wastewater treatment plants (WWTP) in Amherst, MA, Hadley, MA 
and Springfield, MA, and transferred to the laboratory. Ten mL of activated sludge was 
pipetted into 20 mL borosilicate glass scintillation vials and sealed with sterile plastic caps. 
These vials were then incubated hydrostatically (i.e. no mixing or agitation was provided) 
for the course of four to five weeks under continuous illumination of 18-45 μmol/m2-s. 
Illumination was provided via LED (Flexfire LEDs, Inc., CA, USA) having natural 
daylight spectrum (4200K). This incubation was conducted at 22 °C in a temperature-
controlled room. 
Determination of Fe content in different fractions of biomass in cultivation. Fe in bulk 
liquid, extracted biomass-bound extracellular polymeric substances (bEPS) and whole 
biomass samples was determined at regular time intervals throughout the cultivation 
period. Fe concentration in bulk liquid was analyzed for two size fractions: colloidal (0.45 
μm-30 KDa) and dissolved (<30 KDa). In detail, Fe in bulk liquid passing through Ultracel 
30 KDa ultra-filtration membrane (EMD Millipore Corporation, Billerica, MA, USA) was 
considered as dissolved Fe 31. Bulk liquid was also passed through 0.45 μm mixed cellulose 
ester membrane (Fisher Scientific, USA). Fe in the size fraction smaller than 0.45 μm and 
greater than 30 KDa was considered colloidal Fe. These bulk liquid filtrates were 
immediately acidified with trace metal grade HNO3 (2% by vol) (Fisher Scientific, USA) 
and stored in 15 mL falcon tube in 4 oC till analysis. Bulk liquid filtrations and acidification 
were conducted inside a glovebox with continuous nitrogen purging to avoid the oxidation 
of Fe (II) to Fe (III). Total Fe in whole biomass sample was determined after subjecting 
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the samples to acid-digestion (Standard Method 3030 E) 32. The digested samples were 
filtered through filter paper (Whatman, GE) and stored in 4 oC till further analysis.   
Biomass-bound extracellular Fe was determined after extraction of bEPS via 
sequential extraction using sonication and base treatment as reported by Ansari et al. 29. A 
twenty mL biomass sample was centrifuged at 12000 rpm for 10 min at 4 °C. The resulting 
supernatant was replaced by 10 mL phosphate buffer solution (10 mM NaCl, 1.2 mM 
KH2PO4, and 6 mM Na2HPO4), after which the sample was proceeded to homogenization 
at 700 rpm for 30 s (IKA T18 basic Ultra-Turrax) and  sonication (Fisher Scientific Sonic 
Dismembrator Model 500) at 10% strength for 40 s. The sample was centrifuged, and the 
resulting supernatant was filtered through 0.45 μm cellulose filter to obtain bEPS extract 
by sonication. The remaining pellet was subjected to base treatment by re-suspending it in 
10 mL phosphate buffer solution and bringing its pH to 10.5-11 using 1 M NaOH 33. The 
sample was then shaken at 425 rpm for 2 hrs at 4 °C and centrifuged. The supernatant was 
filtered through 0.45 μm cellulose filter to get the bEPS extract by base treatment 33. In this 
study, bEPS was the summation of bEPS from sonic and base extraction treatments. The 
filtered bEPS extracts were acidified with conc. trace metal grade HNO3 (2% by vol) 
(Fisher Scientific, USA) and stored in 4oC, prior to Fe analysis.  
Total Fe concentration (mg/L) in acidified samples (bulk liquid, bEPS extracts, and 
whole biomass digest) was quantified using inductively coupled plasma mass spectrometry 
(ICP-MS, Perkin-Elmer SCIEX). Pellet Fe content was calculated by subtracting total 
bEPS Fe (0.45 μm) and bulk-liquid Fe (0.45 μm) from total biomass Fe.  
Fe speciation over the course of cultivation.  The oxidation state of Fe in the bulk liquid 
fractions was determined as Fe (II) and Fe (III) using Ferrozine reagent 34. Ferrozine is a 
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strong Fe (II) chelator, which forms a magenta colored Fe (II)-(FZ)3 complex 35. 
Absorbance at 562 nm gives Fe (II) absorbance, which was later quantified using ferrous 
ammonium sulfate standards. Fe (III) concentration was the difference between total bulk-
liquid Fe and Fe (II) concentrations.  
Three spectroscopic techniques of electron paramagnetic resonance (EPR), powder 
X-ray diffraction (PXRD) and Fourier transform infrared (FTIR) were performed on 
vacuum dried, powdered whole biomass samples. EPR spectroscopy was used to identify 
the species of ferric iron. Its measurements were carried out on a Bruker Elexsys-500 fitted 
with super high QE X-band cavity. Powder X-ray diffraction (PXRD) spectroscopy was 
employed to distinguish between crystalline and amorphous Fe as well as identification of 
possible crystalline Fe forms present within the photogranular biomass. PXRD patterns 
were collected on Rigaku Smart Lab SE using Bragg-Brentano configuration and Cu K-
source. FTIR spectroscopy was utilized for functional group and surface chemistry analysis 
and was carried out on Bruker Alpha-P FTIR spectrometer equipped with an attenuated 
total reflectance platinum diamond optic.  
Analytical Measurements. General analytical parameters, such as total and volatile solids 
(TS and VS), total and volatile suspended solids (TSS and VSS), and chlorophyll content, 
were determined regularly using Standard Methods 36. Estimation of phycobilin 
concentration in photogranular biomass was determined after modifying methods by 
Bennett and Bogorad 37 and Islam et al.38. Ten mL mixed biomass sample was centrifuged 
at 12000 rpm for 10 min. After discarding the supernatant, the pellet was re-suspended in 
0.025 M phosphate buffer saline solution (pH 7.2). The sample was then subjected to 
homogenization at 700 rpm for 1 min (IKA T18 basic Ultra-Turrax), followed by 
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sonication (Fisher Scientific Sonic Dismembrator Model 500) at 20% strength for 2 min. 
After centrifugation, the obtained supernatant was filtered through 0.22 µm syringe filter 
(Basix, Fisher Scientific) and its absorbance was read at 566 nm, 620 nm, 652 nm, and 750 
nm using a portable spectrometer (DR 2700, Hach, US). Absorbance lmax for 
phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (APC) was obtained at 566 
nm, 620 nm, and 652 nm, respectively, by using phycobilin standards (Prozyme, US). 
Absorbance at 750 nm represented the background interference, which was subtracted from 
other wavelengths 39. Corrected 566 nm, 620 nm, and 652 nm absorbances were introduced 
in the Bennett and Bogorad equations 37 to quantify the concentrations of respective 
phycobilin. Polysaccharide in bulk liquid fractions and extracted bEPS was measured using 
the phenol-sulfuric method 40 with glucose as standard, whereas protein in bulk liquid and 
bEPS extracts was measured using the modified Lowry method 41 with bovine serum 
albumin as standard. Dissolved total nitrogen (DTN) and organic carbon (DOC) in filtered 
bulk liquid fractions (0.45 μm and 30 kDa) were determined using a TOC/TN analyzer 
(TOC-VCPH, Shimadzu, U.S.A.). Dissolved inorganic nitrogen (DIN) species (nitrite 
(NO2-), nitrate (NO3-), ammonium (NH4+)), sulfate (SO42-) and phosphate (PO43-) in the 
same filtered bulk liquid fractions were determined using a Metrohm 850 Professional Ion 
Chromatograph (IC) (Metrohm, Switzerland). Dissolved organic nitrogen (DON) was 
obtained by subtracting DIN from DTN. Dissolved oxygen was measured using a potable 
DO probe (Orion star A223, Thermo Scientific) inside the glove box under continuous 
nitrogen purge.  
Microscopy. We used both bright-field and auto-fluorescence microscopy (EVOS FL 
Color, AMEFC4300) to study the shift in microbial community and structural development 
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during the progression of photogranulation. Red fluorescence protein (RFP) excitation 
(530 nm) was used to detect the presence of filamentous cyanobacteria which produced 
golden-orange fluorescence as an indicator of phycobilin pigment phycoerythrin42.  
Statistical analysis. Pearson correlation coefficient (r) was determined to test positive or 
negative correlations among variables. Two-sample t-test (α = 0.05) was also performed to 
determine the statistical significance between variables (p-value). 
 
Results  
Development of oxygenic photogranules under hydrostatic conditions. Incubation of 
three different activated sludges (Amherst, Hadley, and Springfield) in a hydrostatic 
environment showed similar progression of photogranulation as reported by Milferstedt et 
al.26 and Kuo-Dahab et al.27. In brief, sludge decreased in settled volume during the first 
four days of cultivation. By Day 5, sludges showed the development of a green layer over 
brown settled sludge. Microscopy of this green layer revealed the growth of unicellular 
green algae (including Chlorella sp. and Scenedesmus sp.) along with filamentous green 
algae, that seemed to promote floc aggregation (Figure S1 A-C). Filamentous 
cyanobacteria made its first clear appearance by microscopy around Day 9-12 in all three 
sludge sets (Figure S1 G-I). Light and autofluorescence microscopy revealed that 
filamentous cyanobacteria were motile with gliding and flexing motions, which is 
consistent with observations from earlier studies 26,27. Cyanobacterial growth continued to 
occur in the top green layer during Day 15-18 (Figure S1 J-L). By Day 18, cyanobacterial 
population became the dominant phototrophic community in the outer layer which 
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eventually surrounded the settled brown sludge, thereby molding it into compact mat-like 
structure (Figure 3.1 A-C) 
Between week 3 and week 4, both macro and microscopic observations revealed 
the production of slime-like matter which seemed to promote biomass floatation (not 
shown in figure). Emergence of dense, spherical OPGs was observed after week 4. The 
produced OPGs consisted of a mat-like outer layer of motile filamentous cyanobacteria, 
enclosing aggregates of bacteria, unicellular and filamentous microalgae, and other protist 
organisms, including Arcella and minerals. (Figure 3.1 D-F). Mature OPGs started 
appearing after Day 30 in Springfield, Day 38 in Amherst, and by Day 48 in Hadley.  
 
Figure 3.1: Progression of photogranulation under hydrostatic conditions using activated sludge inoculum 
from (A) Amherst, (B) Hadley and (C) Springfield WWTP. Figures D, E and F show the microscopic 
observations of outer and inner layer structures of mature OPG produced from Amherst, Hadley and 
Springfield activated sludge, respectively. Scalebar in all microscopic images are 400 µm.  
 
Characterization of the photogranular biomass. Figure 3.2 shows the changes in solids 
concentrations and photosynthetic pigments in the biomass during the course of hydrostatic 
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cultivation. The initial TS concentrations were 1653±58 mg/L, 3390±70 mg/L, and 
2493±55 mg/L in the set with activated sludge from Amherst, Hadley, and Springfield, 
respectively (Figure 3.2 A). The level of TS decreased by 6%, 9%, and 20% in Amherst, 
Hadley and Springfield, respectively, during the first two days of incubation. However, by 
Day 3-4, the biomass concentration recovered and reached a steady plateau throughout the 
course of cultivation at 1556±70 mg/L for Amherst, 3185±104 mg/L for Hadley, and 
2348±65 mg/L for Springfield. TSS and VSS content also showed similar trends as TS 
during the photogranulation process (Figure S2).  
The main growth of phototrophic biomass was estimated by chlorophyll a (Figure 
3.2 B). Chlorophyll b (Figure 3.2 C) and chlorophyll c (Figure 3.2 D) were used to 
understand the growth of green microalgae and diatoms respectively. Chlorophyll b 
increased until Day 12 after which it reached steady levels in all three sludges. Likewise, 
chlorophyll c showed similar pattern in Amherst and Springfield. Hadley showed 
increasing chlorophyll c until Day 12 after which it decreased and reached stable values. 
The concentration of phycobilin, an essential accessory pigment in cyanobacteria, was used 
as a surrogate for the growth of cyanobacteria (Figure 3.2 E). The phycobilin concentration 
gradually increased until a maximum point after which it reached a plateau in all three 
cultivation sets. During this steady period, the mature OPGs started appearing in each 
sludge set. It is expected that phycobilin and chlorophyll a content reached stable values 
during Day 30-38 in Amherst and Day 25-30 in Springfield since mature OPGs appear 
once cyanobacteria stop growing 27. The ratios of chlorophyll a/b and chlorophyll a/c 
(Figure S3) were also utilized to determine the growth of cyanobacteria relative to green 
microalgae and diatoms, respectively. Strong to weak positive correlations were found 
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between chlorophyll a/b and phycobilin for Amherst (r=0.86), Hadley (r=0.84), and 
Springfield (r=0.45) (Table S1). Correlations were stronger between chlorophyll a/c and 
phycobilin as seen with Amherst (r= 0.90), Hadley (r=0.92) and Springfield (0.68) (Table 
S1). These results suggest that the progression of photogranulation was accompanied with 
the growth of cyanobacteria which eventually reached a plateau after which mature 
granules appeared. 
 
Figure 3.2: Changes in biomass characteristics including (A) total solids (mg/L), (B) chlorophyll a (mg/L), 
(C) chlorophyll b (mg/L), (D) chlorophyll c (mg/L) and (E) total phycobiliprotein (mg/L) during the 
progression of photogranulation under hydrostatic conditions using three different activated sludges as 
inoculum. Error bars represent standard deviation from triplicate samples. 
 
Dynamics of iron in the bulk liquid fraction. The total Fe in the activated sludge 
inoculums was 20.3±3.7 mg/L, 24.4±2.4 mg/L, and 32.4±2.3 mg/L for Amherst, Hadley, 
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and Springfield, respectively. To study the role of Fe in the photogranulation process, we 
first determined the Fe content and size distribution in the bulk liquid fraction over the 
course of cultivation (Figure 3.3). The initial level of total bulk-liquid Fe existed primarily 
in the dissolved fraction (i.e., <30 KDa): Amherst, 88%; Hadley, 92%; Springfield, 67%. 
Afterwards, a sharp increase in total bulk-liquid Fe was observed by Day 2, with shift 
towards colloidal fraction which increased by 35±6 % in all cultivations.  After Day 2, the 
levels of both dissolved and colloidal Fe declined quickly and reached steady values after 
Day 12. During Day 12-48, the level of dissolved Fe was greater than colloidal Fe in all 
bulk liquids, which was statistically significant (Amherst, p<0.0004; Hadley, p<0.0025; 
Springfield, p<0.0032).  
 
Figure 3.3: Dynamics of bulk-liquid Fe in terms of size fractions during the progression of photogranulation 
under hydrostatic cultivation using (A) Amherst, (B) Hadley and (C) Springfield activated sludge. Error bars 
represent standard deviation from triplicate samples.  
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Iron released into the bulk liquid by Day 2 consisted of both ferric iron and ferrous 
iron (Figure 3.4). The total Fe release (Fe (II) + Fe (III)) contained an average of 36%, 54% 
and 36% Fe (II) in Amherst, Hadley and Springfield respectively. During this time period, 
DO was observed to get depleted (Figure 3.4 A). The development of anaerobic conditions 
should have accounted for the reduction of a fraction of Fe (III) in activated sludge into Fe 
(II) and its release into the bulk liquid. Photo-chemical reduction of Fe 2 might have also 
occurred under illumination, thereby contributing to the release of Fe (II) into the bulk 
liquid. Fe (II) fractions were observed to decrease after day 2, ultimately becoming 
negligible by Day 9 in bulk liquid. Fe (III) fractions also showed reduction from Day 3-9 
(Figure 3.4 B); however, they reached steady points for the reminder of cultivation period. 
The depletion of Fe (II) occurred simultaneously with an increase in DO. Both Fe (II) size 
fractions showed moderately negative correlation with DO, although the dissolved Fe (II) 
pool exhibited a relatively stronger correlation than colloidal Fe (II) in Amherst (r=-0.57 
vs. -0.54), Hadley (r=-0.59 vs. -0.44), and Springfield (r=-0.58 vs. -0.44). Fe (II) is the 
most preferred form of Fe for phototrophic growth and it is also thermodynamically 
unstable in the presence of oxygen, rapidly converting into Fe (III). This suggests that the 
growth of phototrophic community influences the Fe oxidation states in bulk liquid during 
the progression of photogranulation.  
Overall statistical differences were observed between Fe (II) and Fe (III) in the 
dissolved fraction in all three sludge sets (Amherst, p<0.0002); Hadley, p<0.0007; 
Springfield, p<0.00001). In contrast, the colloidal pool showed statistically similar Fe (II) 




Figure 3.4: Dynamics of Fe oxidation states (A) Fe (II) and (B) Fe (III) in different size fractions of bulk 
liquid during the photogranulation process. Figures 3.4 A also represent relationship between Fe (II) and 
dissolved oxygen (DO). Error bars present range of results from duplicate samples. 
 
 
Table 3.1 shows correlations between the bulk-liquid Fe and other dissolved species 
(inorganic and organic). Among the inorganic species, bulk-liquid Fe was found to have 
an overall strong positive correlation with NH4+ across all sludge types. NH4+ is released 
under anaerobic condition due to the degradation of nitrogenous organic matter, mainly 
proteins, which have high affinity with Fe (III) 43. The correlation with NH4+ was stronger 
for dissolved Fe than colloidal Fe. Within the dissolved pool, NH4+ showed stronger 
correlation with Fe (III) than Fe (II). NH4+-nitrogen is the preferred form of inorganic 
nitrogen for phototrophic growth as compared to NO3- and NO2-. Our findings, hence, 
indicate that the phototrophic growth, especially eukaryotic microalgae, is strongly 
dependent on NH4+ and both dissolved Fe (III) and Fe (II). In contrast to NH4+, phosphate 
showed much weaker positive correlation with bulk-liquid Fe, although the Springfield set 
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exhibited a negative correlation with different bulk-liquid Fe size. Amherst and Hadley 
demonstrated a positive correlation between Fe (III) and phosphate in both dissolved and 
colloidal fractions. Ferric phosphates (FePO4) are insoluble in water, becoming soluble 
only under acidic conditions. It is possible that some colloidal Fe existed as FePO4 in the 
bulk liquid. Unlike phosphate, sulfate exhibited overall weak negative correlation with 
bulk-liquid Fe fractions.   
Table 3.1: Pearson correlation coefficients of Fe in different bulk liquid size fractions with dissolved species 




Correlation between bulk-liquid organic matter and Fe was mostly negative across 
the three sludge sets. DOC content increased in the bulk liquid during the photogranulation 
process (Figure S4). DOC in 30 KDa filtrate exhibited moderate to strong negative 
correlation with dissolved Fe pool (Table S2). Within the DOC pool, soluble protein (sPN) 
exhibited an overall weak to moderate negative correlation with dissolved Fe. Soluble 
polysaccharide (sPS), on the other hand, demonstrated relatively stronger correlation with 
dissolved Fe. Both sPN and sPS showed relatively stronger correlation with dissolved Fe 
(III). Besides the correlation analysis, we also determined the Fe/DOC ratio in this study. 
Fe/dissolved organic ligand ratio is an important factor that can be used to understand the 
extent of cyanobacterial Fe uptake and requirements for photochemical Fe reduction in the 
aquatic systems 44–46. The Fe/DOC ratio (Figure S5) significantly decreased till Day 12, 
after which it reached plateau at very low levels in dissolved fraction (0.005±0.001) as 
compared to colloidal fraction (0.023±0.013). Low Fe/DOC ratio, therefore, could 
potentially indicate that the provided light intensity (18-45 μmol/m2-s) is not sufficient to 
induce photochemical dissociation of remaining bulk-liquid Fe (III) pool. 
The correlation analysis also revealed negative correlations between the dissolved 
Fe and chlorophyll a (Amherst, r= -0.73; Hadley, r= -0.73; and Springfield, r= -0.98) and 
between dissolved Fe and chlorophyll b (Amherst, r= -0.64; Hadley, r= -0.73; and 
Springfield, r= -0.95). In contrast, weak negative correlation existed between phycobilin 
and dissolved Fe fraction (Amherst, r= -0.62; Hadley, r= -0.47; and Springfield, r= -0.74). 
Correlation between chlorophyll a and dissolved Fe was also comparatively stronger than 
correlation between dissolved Fe and chlorophyll a/b (Amherst, r= -0.68; Hadley, r= -0.72; 
and Springfield, r= -0.84) and between dissolved Fe and chlorophyll a/c (Amherst, r= -
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0.69; Hadley, r= -0.61; and Springfield, r= -0.98). For total bulk-liquid Fe (i.e., dissolved 
Fe + colloidal Fe), it showed stronger negative correlations with chlorophyll a (Amherst, 
r= -0.75; Hadley, r= -0.71; Springfield, r= -0.86) and chlorophyll b (Amherst, r= -0.68; 
Hadley, r= -0.72; Springfield, r= -0.82) compared to phycobilin (Amherst, r= -0.63 ; 
Hadley, r= -0.49; Springfield,  r= -0.55), chlorophyll a/b (Amherst, r= -0.59; Hadley, r= -
0.70; Springfield, r= -0.83) and chlorophyll a/c (Amherst, r= -0.67; Hadley, r= -0.58; 
Springfield, r= -0.87) (Data not shown). These results tend to indicate higher reliance of 
eukaryotic microalgae on bulk-liquid Fe for growth compared to cyanobacteria.   
Iron in biomass-bound extracellular fraction of photogranule biomass. The fate of 
both biomass-bound extracellular polymeric substances (bEPS) and Fe in bEPS (bEPS-Fe) 
was studied during the progression of photogranulation (Figure 3.5). Protein in bEPS 
(bEPS-PN) sharply declined during the first 12 days of the cultivation in Amherst and 
Springfield. In the set of Hadley, bEPS-PN increased from 119.7±9.9 to 132±5.8 till Day 
4 but after this period, it followed similar decreasing pattern as other cultivation sets. After 
Day 12, the rate of decrease declined in all cultivations and bEPS-PN reached a steady 
point.  By the end of cultivation, total bEPS-PN was decreased by, on average, 57.8±5.3%. 
Unlike protein, bEPS polysaccharide (bEPS-PS) showed gradual increase from 37.3±11.3 
mg/L to 76.1±5.6 mg/L in Amherst, 34.9±18.9 mg/L to 138.7±30.9 mg/L in Hadley, and 
51.0±18.0 mg/L to 87.2±10.7 mg/L in Springfield by the end of cultivation. These results 
are consistent with Kuo-Dahab et al 27 who reported that the progression of 
photogranulation is accompanied with decrease of bEPS-PN but increase of bEPS-PS.  
bEPS-Fe demonstrated similar trend as bEPS-PN in this study (Figure 3.5). Indeed, 
strong positive correlations were found between bEPS-PN and bEPS-Fe (Amherst, r= 0.96; 
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Hadley, r= 0.76; Springfield, r= 0.95). bEPS-Fe exhibited moderate to strong negative 
correlations with bEPS-PS as seen in Amherst (r= -0.90), Hadley (r= -0.63), and 
Springfield (r= -0.45). The ratio of PS/PN in bEPS was found to be strong negatively 
correlated with bEPS-Fe over the course of photogranulation process (Amherst, r= -0.95; 
Hadley, r= -0.73; Springfield, r= -0.93).  
 
Figure 3.5: Fate of total iron in the extracted biomass-bound extracellular polymeric substances (bEPS-Fe, 
mg/L) of (A) Amherst, (B) Hadley and (C) Springfield sets during the progression of photogranulation under 
hydrostatic cultivation. Figure further depicts the changes in different bEPS fractions of protein (PN) and 
polysaccharide (PS), along with their relationship with bEPS associated Fe. Error bars represent the standard 
deviation of triplicate samples.  
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In addition to correlations between bEPS-Fe and bEPS, we also found strong 
negative correlations between bEPS-Fe and produced pigments (Table 3.2). The degree of 
negative correlation among the different pigments showed similar pattern across the three 
cultivation sets: chlorophyll a > phycobilin > chlorophyll b > chlorophyll c. Chlorophyll 
a/b and chlorophyll a/c also showed stronger correlation with bEPS-Fe compared to 
chlorophyll b and chlorophyll c. Among the pigments, phycobilin showed much stronger 
correlation with bEPS-Fe than bulk-liquid Fe for all cultivation sets: Amherst (r= -0.92 vs. 
-0.63), Hadley (r= -0.76 vs. -0.49) and Springfield (r= -0.86 vs. -0.55). Likewise, 
chlorophyll a/b and chlorophyll a/c also showed higher correlation with bEPS-Fe. These 
findings demonstrate that the growth of cyanobacteria is strongly dependent upon bEPS-
Fe fraction compared to that of eukaryotic microalgae, which indicated more reliance on 
bulk-liquid Fe pool for growth. 
Table 3.2: Pearson correlation coefficients of bEPS Fe (mg/L) with different pigments and fractions of bEPS 





Distribution of iron in the photogranular biomass. Measurements of Fe in the bulk 
liquid, bEPS, and the whole biomass allowed for determining the distribution of Fe in 
biomass during the course of photogranulation (Figure 3.6). In the inoculums, the majority 
of the Fe was present in the biomass’ pellet (Amherst, 91%; Hadley, 96%; Springfield, 
93%) followed by the bEPS extract (Amherst, 8%; Hadley, 3%; Springfield, 5%) and the 
bulk liquid (Amherst, 1%; Hadley, 1%; Springfield, 2%). In all cultivations based on the 
three sludge inoculums, the fraction of bEPS-Fe decreased to, on average, 1.3±0.2% while 
the fraction of pellet Fe increased to 97.9±0.1%. In contrast, bulk-liquid Fe showed 
increase till Day 2 to 5.2±1.9% and later decrease to 0.8±0.2% across the three sludge sets.  
 
Figure 3.6: Fe distribution (%) in different fractions of the photogranular biomass during the course of 
hydrostatic cultivation using (A) Amherst, (B) Hadley, and (C) Springfield activated sludges. 
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Overall, the mature OPGs demonstrated a similar Fe distribution trend as the 
activated sludge (Pellet Fe >> bEPS-Fe > bulk-liquid Fe), although it should be noted that 
the fraction of bEPS-Fe in formed OPGs is significantly less than that in inoculum, 
contributing to an increase in Pellet Fe. It was therefore revealed that the formation of 
OPGs occurred with the transformation of extractable bEPS-Fe to pelletized Fe fraction. 
The pellet Fe fraction is expected to contain intracellular Fe, unextracted bEPS-Fe pool, 
and Fe precipitates (ferric oxyhydroxides), which form under oxic, circumneutral pH 
environments. 
Speciation of iron in the photogranular biomass. We used multiple spectroscopic 
techniques to investigate the presence of possible Fe precipitates/ minerals in photogranular 
biomass during the photogranulation process. EPR spectra of the three activated sludge 
inoculums and their mature OPG biomass are presented in Figure 3.7. The characteristic 
broad peak at 160 mT, which corresponded to a g-value = 4.2, belongs to paramagnetic 
high spin iron states (Fe3+, S = 5/2) 47 and indicates the presence of ferric oxides (FexOy). 
Amherst and Springfield OPGs showed slight increase in EPR intensity as compared to 
their inoculums. Meanwhile Hadley showed no difference in EPR intensity between 
activated sludge and OPGs. These observations imply that the ferric oxides in inoculated 
sludge did not undergo dissociation during the progression of photogranulation. 
Furthermore, relative increase in photogranule (OPG)-associated EPR peaks in the 
Amherst and Springfield sets might suggest the formation of some new ferric oxides. It 
should be noted that the drying of biomass for EPR analysis could have converted the 
present ferric oxyhydroxides/hydroxides into ferric oxides. Therefore, the generated EPR 
spectra is potentially a combination of ferric oxyhydroxide, hydroxide and oxides.  
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Figure 3.7: Room temperature EPR spectra of activated sludge (A.S.) and photogranule (OPG) in (A) 
Amherst, (B) Hadley, and (C) Springfield respectively. 
 
To probe the phase crystallinity of present ferric oxides, we employed powder X-
ray diffraction (PXRD) measurements (Figure S6). Hadley and Springfield sets showed 
similar PXRD patterns for both activated sludge and OPG. In contrast, Amherst showed 
disappearance of some peaks as activated sludge transformed into OPG. The PXRD spectra 
seemed to suggest the presence of crystalline forms such as hematite, goethite and 
magnetite; however, we did not find a complete diffraction pattern for any of these ferric 
oxides in both activated sludge and OPG samples. Partial diffraction pattern for any given 
ferric oxide form does not exist. Furthermore, many oxides have overlapping diffraction 
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patterns, which presents a challenge in PXRD analysis without proper standards. The only 
conclusive statement we could make from PXRD pattern is that most of the ferric oxide 
existed in amorphous form in both activated sludge and OPG.  
Figure 3.8 summarizes the FTIR spectra of vacuumed-dried biomass. The typical 
O−H broad stretching peak centered at 3300 cm–1 (Peak 1) suggests the formation of ferric 
oxyhydroxide Fe(O)OH and/or ferric hydroxides Fe(OH)3 in both activated sludge and 
OPG samples. The progression of OPG occurred, after initial anaerobic conditions, in oxic 
(Figure 3.4 A) and circumneutral pH (6.5-8) environment, which is known to favor the 
formation of insoluble ferric hydroxides. Swanner et al. 48 stated that cyanobacterium 
Synechococcus PCC 7002 oxidized Fe (II) to ferric oxyhydroxide via chemical oxidation 
using photosynthetic oxygenation. The O-H group stretches can also potentially belong to 
the carboxylic group of polysaccharides (PS). These FTIR results along with earlier 
correlation analysis between bEPS-PS and Fe might indicate possible complexation 
between Fe (III) and PS. The interactions between proteins (PN) and Fe (III) were also 
depicted in FTIR spectra. Peaks related to PN were found at 1637-1640 cm–1 (Peak 2), 
1531-1541 cm–1 (Peak 3) and 1225-1233 cm-1 (Peak 4), which corresponded to amide C=O 
carbonyl group, amide II (N−H) double bond, and C−O stretching bond of COOH, 
respectively 49,50. These peaks decreased in intensity during the photogranulation process. 
The decline in these functional groups seems to support the decrease in bEPS-PN, which 
was also strongly correlated with bEPS-Fe Fe in this study. Apart from bEPS-PN, FTIR 
spectra also displayed the relative increase in C-O stretching bond of PS (1024-1066 cm–
1, Peak 5) in Hadley. Earlier studies showed that cyanobacteria accumulate Fe precipitates 
on their outer polysaccharide sheath 51,52. The increasing bEPS-PS content could, therefore, 
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possibly contain Fe either as insoluble Fe (III) precipitate (accumulation via adsorption) or 
Fe complexation with carbonyl/carboxylic groups.  
                                 
Figure 3.8: Room temperature FTIR spectra of activated sludge (A.S.) and photogranule (OPG) in (A) 
Amherst, (B) Hadley and (C) Springfield respectively. Peak 1 (centered at 3300 cm−1) shows O-H bond 
stretching, Peak 2 (1637–1640 cm−1) shows amide C=H carbonyl group band, Peak 3 (1531–1541cm−1) 
shows N-H (2nd-amide) double bond, Peak 4 (1225–1233cm−1) shows C-O stretching band od COOH, and 
Peak 5 (1024–1066 cm−1) belongs to C-O stretching bond.  
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Discussion  
In this study, we investigated the changes in fate and dynamics of Fe and how its 
availability influenced the cyanobacterial growth and transformation of activated sludge 
into OPG. In inoculums, a very small amount of Fe was present in the bulk liquid, 
indicating that it is primarily associated with the solid fraction of activated sludge (98 to 
99%). However, once the cultivation began, a significant release of Fe into the bulk liquid 
occurred (Figures 3.3 and 3.4). The sharp release of Fe took place simultaneously with the 
degradation of bEPS-PN and release/removal of bEPS-Fe (Figure 3.5).  
Earlier studies have shown that Fe (III) has affinity for PN in activated sludge 
EPS53,54. It has also been postulated that large amounts of Fe-linked PN are released during 
anaerobic digestion due to the reduction of Fe (III) into Fe (II) 55. Reduction of Fe during 
the first two days of cultivation along with the development of anaerobic conditions (Figure 
3.4) could have occurred via both biotic (by Fe-reducing bacteria) and abiotic means, the 
latter of which could also include photochemical Fe reduction. We indeed observed the 
release of Fe (II) into the bulk liquid although the level of Fe (II) released was less than 
that of Fe (III). This could be due to (a) re-oxidation of Fe (II) by nitrate-dependent 
anaerobic Fe(II) oxidizing bacteria56, which produces Fe(III) minerals and denitrification 
products under anoxic, circumneutral pH conditions57, (b) re-oxidation of Fe (II) by oxygen 
produced by phototrophs that started growing, and (c) insufficient anaerobic conditions to 
reduce the entire Fe (III) complexes in activated sludge inoculum. Our study that 
investigated the impact of light intensity on photogranulation revealed that the ratio of Fe 
(II) to Fe (III) in the bulk liquid increased with light intensity (Ansari et al., in preparation). 
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Since the present study utilized low-light intensity, the extent of light-based Fe (II) 
generation could have been smaller compared to the cultivation with high-light intensity.  
The observed Fe in the bulk liquid also very likely reflects the net Fe, i.e., the 
difference between Fe released and Fe consumed. Indeed, Ansari et al (manuscript in 
preparation) showed that cultivation with low-light intensity (27±9 µmol/m2-s) released 
more than three times higher Fe in the bulk liquid, compared to the current study, when the 
incubation contained strong Fe (II) chelator ferrozine 58 (for reference see Figure S7). 
Eukaryotic microalgae are faster growers than cyanobacteria. Thus, fast consumption of 
Fe (leading to the net Fe in the bulk liquid), fast growth of microalgae evaluated by both 
microscopy (Figure S1) and the production of phototrophic pigments, and correlations 
between bulk-liquid Fe and pigments (Table 3.1) supports microalgal growth as a potential 
cause for rapid utilization of the released bulk-liquid Fe. Although dissolved Fe (II) is the 
most preferred form of Fe for microbial growth 59, correlations (Table 3.1) imply stronger 
reliance of phototrophs on dissolved Fe (III) than Fe (II). It might be possible that 
phototrophs started preferring dissolved Fe (III) due to (a) rapid consumption of Fe (II), 
(b) lower photo-production of Fe (II), and/or (c) readily available dissolved Fe (III) pool 
upon the advent of oxic conditions.  
Growth of phototrophs was accompanied with the release of DOC (including sPN, 
sHumics and sPS), which was also observed by Kuo-Dahab et al. 27. In aquatic 
environments, up to 99% of dissolved Fe is complexed with dissolved organic matter 11,60. 
Likewise, most of colloidal Fe is also complexed with organic ligands 61. If Fe (III) is 
strongly bound with organic ligands at low Fe/ligand ratio, then this Fe (III) needs to be 
photochemically reduced and dissociated to unchelated Fe (II) for effective uptake 44–46,62. 
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In contrast, high Fe/ligand condition can induce rapid exchange and production of 
unchelated Fe (III) from Fe (III)-ligand complexes 63. In this study, we observed low 
Fe/DOC ratios in both dissolved and colloidal fractions, which reached and remained at 
steady points during Day 12-48 (Figure S5). During the same period, Fe content in both 
bulk liquid size fractions also reached plateau (Figure 3.3). These findings, hence, suggest 
the presence of strong Fe (III)-organic complexation, which potentially require enhanced 
photochemical, biological, or thermal dissociation to become available.  
 Although bulk-liquid Fe quickly declined and reached a plateau, cyanobacteria 
continued to grow in all hydrostatic batches. Cyanobacterial growth, indicated by 
phycobilin, chlorophyll a/b and chlorophyll a/c, exhibited strong negative correlation with 
bEPS-Fe pool (Table 3.2). Cyanobacteria have a competitive advantage over eukaryotic 
microalgae due to their ability to utilize organic carbon and nitrogen from their 
extracellular environments 64. bEPS-Fe, hence, appears to be the major source of Fe, 
especially for cyanobacteria, as bEPS-Fe continued to decrease along the progression of 
photogranulation. bEPS-Fe subsequently reached stable levels around the same time period 
as phycobilin, chlorophyll a/b and chlorophyll a/c (Figure 3.2, S3). The decrease in bEPS-
Fe was also accompanied with increase in pellet Fe fraction (Figure 3.6), with both 
reaching steady points when mature OPGs started to appear in all three cultivation sets. All 
these suggest that cyanobacterial community continued to utilize bEPS-Fe for growth and 
upon sensing the limitation in this bEPS pool, they started to aggregate into a spherical 
structure. bEPS-Fe content at steady conditions could primarily consist of Fe (III) 
complexes, which require further transformations to become accessible. Literature shows 
that oxic environment causes photo-produced unchelated Fe (II) and inorganic/organically-
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complexed Fe (II) to rapidly convert into insoluble Fe(III) oxyhydroxides at circumneutral 
pH 65. These Fe particulate/colloids can also potentially attach/sorb onto cyanobacterial 
bEPS polysaccharide (PS) matrix 48 during the photogranulation process.  
The pellet fraction increased from 92.3±2.4% to 97.9±0.1% during the progression 
of photogranulation. The VSS of activated sludge inoculum is mainly composed of 
bacterial cells (with negligible amounts of phototrophic community) and EPS, with the 
latter constituting 50 to 80% of VSS 66. Fe within the bacterial cells (intracellular Fe) is 
reported to be approximately 0.2% of the dry mass 67. The average VSS of activated sludge 
was 1109±78 mg/L (Amherst), 2178±181 mg/L (Hadley), and 1569±91 mg/L (Springfield) 
(Figure S2). Assuming 20% to 50% of activated sludge VSS belonged to bacterial cells, 
the intracellular Fe in inoculums can be estimated to be 0.4 to 1.1 mg/L, 0.9 to 2.2 mg/L, 
and 0.6 to 1.6 mg/L in Amherst, Hadley, and Springfield respectively. This means that the 
majority of the Fe, i.e., 19.2 to 19.9 mg/L (Amherst), 22.2 to 23.5 mg/L (Hadley) and 30.8 
to 31.8 mg/L (Springfield) existed in the extracellular matrix of activated sludge as EPS-
Fe complexation, adsorbed/trapped Fe minerals, and/or other possible ways of existence.  
Over the course of photogranulation, the growth of phototrophic communities was 
accompanied with increase in pelletized Fe fraction and decrease in bulk-liquid Fe and 
bEPS-Fe (Figure 3.6). Assuming the bacterial community retained their intracellular Fe, 
the phototrophs should have utilized Fe from bulk liquid and EPS fractions to meet their 
intracellular Fe requirements. To understand the extent of intracellular Fe content in 
phototrophic community, we consider two scenarios. In the first scenario, we assume that 
eukaryotic microalgae grow on 50% original VSS content to meet its Fe requirement. The 
intracellular Fe content in eukaryotic microalgae is approximately 1-3% of phosphorus 68, 
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which is typically 2.7% of VSS in activated sludge 69. The intracellular Fe in eukaryotic 
microalgae can, hence, be approximately 0.1 to 0.4 mg/L, 0.3 to 0.9 mg/L and 0.2 to 0.6 
mg/L in Amherst, Hadley, and Springfield respectively. Cyanobacteria, in contrast, is 
reported to require five to eight times higher cellular Fe: C ratio than eukaryotic microalgae 
for growth 70,71. For the second scenario, if we assume cyanobacteria consumes the entire 
50% VSS pool for growth, this would mean the intracellular Fe in cyanobacteria would be 
approximately 0.7 to 3.6 mg/L in Amherst, 1.5 to 7.1 mg/L in Hadley, and 1.0 to 5.1 mg/L 
in Springfield. Then, the total intracellular Fe content in OPG is the summation of bacterial 
and phototrophic intracellular Fe. Considering cyanobacteria as a dominant phototrophic 
community in OPG, we can speculate that the maximum total intracellular Fe content in 
OPG biomass could be approximately 4.7 mg/L, 9.3 mg/L and 6.7 mg/L in Amherst, 
Hadley and Springfield respectively. This means the total intracellular Fe in OPG can be 
in the range of 25 to 40% of whole Fe in the biomass. These estimations, furthermore, 
suggest the increase in pelletized Fe fraction most likely be contributed by the increase in 
intracellular Fe since initial intracellular Fe is <<10% in all three sludge inoculums.  
Apart from the intracellular Fe, the photogranular pellet is estimated to contain 60-
75% Fe in the forms of Fe precipitates/minerals and Fe bound with EPS which could not 
be extracted by the methods used in this study. According to Wang and Waite 72, majority 
of the Fe (>98%) exists within the sludge biomass which includes intracellular bacterial Fe 
and insoluble Fe forms such as amorphous iron oxyhydroxides (AFO) having particle sizes 
>1.2 µm. In this study, EPR (Figure 3.7) revealed the presence of amorphous Fe oxides, 
which remained almost unchanged during the course of photogranulation. Insoluble Fe 
particulate/minerals cannot be directly acquired by microorganisms 24 and need to undergo 
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a series of biological or photochemical dissociation processes to become available 73–75. 
Recently Basu et al., 25 provided evidence for symbiotic interactions between filamentous 
cyanobacteria Trichodesmium sp. and associated bacteria for the acquisition of Fe from 
dust. The study showed that Trichodesmium sp. captured dust-bound Fe and shuffled it to 
its colony core, where bacteria resided. These bacteria aided in the dissolution of Fe from 
dust by producing extracellular, Fe (III)-chelators, siderophores. The dissolved 
siderophore-Fe complex was later acquired by both Trichodesmium sp. and its resident 
bacteria. Besides siderophore mechanism, bacteria can also convert Fe (III) minerals to 
dissolved Fe (II) via reductive dissolution under dark anaerobic conditions 76. Mature OPGs 
have a distinct dark, anoxic region which contains the bacterial community 26. By forming 
OPG, cyanobacteria can therefore establish mutualistic relationship with bacterial 
community and effectively utilize unconventional Fe pool. This condition would 
encourage bacteria to make Fe accessible for the cyanobacterial community, in exchange 
for released sugars, amino acids and lipids for growth.  
Filamentous cyanobacteria can also directly scavenge Fe under Fe-limited 
conditions using their own siderophores. Filamentous cyanobacteria Anabaena sp. and 
Oscillatoria sp., which have been observed in OPGs 26, are known to exhibit siderophore-
mediated mechanism 5,77. Literature suggests that cyanobacteria aggregate to promote close 
proximity between its filaments and Fe particles, thereby preventing diffusive loss of 
siderophore-Fe complexes to the surrounding water, and encourage efficient siderophore-
based dissolution of Fe from minerals 25. These literature findings and the results from the 
current study, hence, encourage us to conclude that the limitation of Fe from bulk liquid 
and EPS pool would drive filamentous cyanobacteria to form OPG, as they may necessitate 
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(a) symbiotic relationship with bacterial community and/or (b) close proximity between 
their trichomes and Fe precipitates/minerals to effectively utilize un-conventional Fe pool 
for growth and maintenance. The dissolution of Fe-minerals may occur over time and can 
potentially reveal why mature OPGs retain their morphology even several months after its 
formation.   
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IMPACT OF LIGHT INTENSITY ON IRON AVAILABILITY AND 
PHOTOGRANULATION PROCESS UNDER HYDROSTATIC CONDITIONS 
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Abstract  
This study investigated the effect of light intensity on the fate and availability of iron (Fe) 
in photogranulation, the phenomenon in which phototrophic microorganisms, especially 
filamentous cyanobacteria, and non-phototrophic microbes form a spherical aggregate. 
Oxygenic photogranules (OPGs) were cultivated under hydrostatic conditions by 
inoculating and incubating activated sludge in closed 20 mL glass vials with continuous 
illumination of low (27±9 µmol/m2-s), medium (180±36 µmol/m2-s) and high (450±56 
µmol/m2-s) light conditions. We found that the light intensity affects the rate and amount 
of total Fe release into bulk liquid with higher light causing faster release of Fe but in lesser 
amounts. This bulk-liquid Fe was found to be the net from release and removal of Fe since 
photochemical reduction experiment revealed about 91%, 80%, and 20% more Fe (II) 
release into the bulk liquid under high, medium, and low light intensities, respectively. 
Light intensity also significantly influenced the production of biomass-bound extracellular 
polymeric substances (bEPS), which plays a vital role in the bio-granulation process. 
bEPS-protein demonstrated strong positive correlation with bEPS-Fe, while the strength of 
correlation decreased with increasing light intensity. Results further showed high reliance 
of phototrophic community, especially cyanobacteria, on the bEPS-Fe pool for growth, 
with mature OPGs appearing when the level of bEPS-Fe decreased and reached stable 
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levels. Both Fe and light availability also influenced the population of cyanobacteria as 
well as their physiology in terms of pigment production and radial migration within the 
granule. We conclude that the light intensity enhances the limitation of available Fe, which 
stimulates cyanobacteria to form OPG.  
 
Introduction  
Light is an essential substrate for phototrophs to carry out photosynthesis and 
generate adenosine tri-phosphate (ATP) to perform their metabolic activities. It is captured 
by phototrophs via photosynthetic apparatus, which has strong coupling with iron (Fe) 1. 
The photosynthetic electron transport chain (ETC) possesses many Fe-containing 
molecules, which include cytochrome c, cytochrome b6f, Fe-S protein, and ferredoxin 2,3. 
Furthermore, Fe is also present within the reaction centers of both photosystems I and II 4 
and is involved in the biosynthesis of photo-pigments 5,6. More than 50% of metabolic Fe 
resides in the photosynthetic apparatus 4,7, which demonstrates the co-dependence of the 
phototrophic community on light and Fe for metabolism. The dual limitation of Fe and 
light availability will, hence, induce inhibition of photosynthetic activity and ultimately 
phototrophic growth, whereas dual enrichment of light and Fe availability will promote 
phototrophic bloom 1,8. 
The physiology of cyanobacteria has a biochemical co-dependence on light and Fe 
availability 9. Cyanobacteria have a high Fe requirement as compared to other phototrophs 
and heterotrophic bacteria 10,11. Under low-light conditions, cyanobacteria can effectively 
compete with other phototrophic species for Fe via (a) multiple Fe-uptake mechanisms 
(especially siderophore secretion)12, (b) enhanced phycobilin production13, and (c)  
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mobility 14,15. In contrast, under high-light conditions with low Fe availability, 
cyanobacteria downregulate the biosynthesis of pigments and number of photosystems to 
avoid absorption of excess light energy. Continued exposure to high-light/low-Fe 
conditions generates reactive oxygen species (ROS), which causes severe photodamage to 
their cellular components 1,13.  
Aside from the cyanobacterial physiology, light is also known to affect Fe 
availability in aquatic environments via photochemical reduction process 11,16,17.  In this 
process, Fe (III) complexed with photo-liable organic ligands, such as aminocarboxylate, 
carboxylate, carboxylic acid, and catecholate, is reduced and released as unchelated Fe (II), 
once electrons transfer from the ligand to the metal center during the irradiation period 18. 
This photo-generated Fe (II) is considered to be the most accessible form of Fe for 
phototrophs, which is supported by increased biological Fe uptake by a factor of 2-15 18,19. 
Similarly Fujii et al. 17 states that Fe availability increases due to increase in the 
concentration of photo-produced unchelated Fe (II) and potentially unchelated Fe (III).  
Oxygenic photogranules (OPGs) are spherical aggregates in which mat-like layer 
of filamentous cyanobacteria encloses microalgae and non-phototrophic bacteria 20–22. 
These OPGs can be produced from the incubation of activated sludge under hydrostatic 
conditions with an illumination source 20,23. Fe availability has been shown to play an 
important role in the formation of these OPGs 24. It has been demonstrated that the 
limitation of Fe availability selected cyanobacteria, a key granulating microbe, and aided 
in driving the photogranulation process under hydrostatic condition. Considering the strong 
coupling between light and Fe as well as the co-dependence of cyanobacterial physiology 
on Fe and light, photogranulation has not yet been examined from these crucial aspects.  
 69 
This study aims at investigating the impact of light intensity on Fe availability and 
ultimately the formation of cyanobacterial-based OPGs under hydrostatic conditions. We 
hypothesize that light intensity affects the rate of photogranulation by influencing Fe 
availability in the system. To examine the hypothesis, we studied the impact of different 
light intensities on the Fe content in bulk liquid fractions (dissolved and colloidal), 
biomass-bound extracellular polymeric substances (bEPS) and pellet fractions during the 
progression of photogranulation. The extent of Fe release due to the photochemical 
reduction pathway was also determined by incubating activated sludges with the strong Fe 
(II) chelator ferrozine. We also investigated the effect of light on cyanobacterial physiology 
in terms of pigment production, EPS, and radial migration within photogranular biomass.  
This study is expected to enhance fundamental understanding of the role of light and Fe in 
the photogranulation phenomenon. The acquired knowledge will aid in successful 
production of OPGs as well as designing an economic engineered OPG-based treatment 
system.   
 
Material and Methods  
Hydrostatic cultivation setup. 20 mL scintillation vials were prepared by adding 10 mL 
activated sludge (Amherst WWTP, Amherst, MA) and sealing them with sterile caps. The 
hydrostatic cultivation study was conducted by placing the vials under three different light 
intensities: 27±9 µmol/m2-s (low light), 180±36 µmol/m2-s (medium light), and 450±56 
µmol/m2-s (high light). Continuous illumination was provided using natural light LED 
panels (Flexfire LEDs, Inc., CA, USA). Dark control was prepared with vials placed under 
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dark conditions. All incubations were conducted inside the 22 oC temperature-controlled 
room.  
Fate and dynamics of Fe in the photogranular system. The fate of Fe in 
photogranulation was studied by determining the concentrations of Fe in bulk liquid 
(dissolved and colloidal fraction), biomass-bound extracellular polymeric substances 
(bEPS), and whole biomass over the incubation period. The bulk liquid filtrate passing 
through 30 KDa ultra-filtration membrane (EMD Millipore Corporation, Billerica, MA, 
USA) was used to determine the dissolved Fe, whereas Fe present between 0.45 µm and 
30 kDa filters was considered as colloidal Fe. Filtrations of bulk liquid were conducted in 
a glovebox under continuous N2 purging and filtrates were quickly acidified (up to 2% by 
vol) with HNO3 (trace metal grade, Fisher Scientific, USA). Total Fe (mg/L) was 
quantified via inductively coupled plasma mass spectrometry (ICP-MS, Perkin-Elmer 
SCIEX). Fe speciation in terms of oxidation state was conducted by determining Fe (II) 
and Fe (III). Fe (II) was determined by the Ferrozine reagent method 25. Absorbance was 
measured at 562 nm using a spectrophotometer; afterwards Fe (II) concentration was 
calculated using ferrous ammonium sulfate standards. Fe (III) concentration was 
determined by subtracting the Fe (II) concentration from the total Fe concentration. To 
determine Fe in the bEPS fraction, we first conducted extraction of bEPS by employing 
sequential sonication and base treatment 24. Twenty mL biomass samples were centrifuged 
at 12000 rpm for 10 mins. The resulting supernatant was discarded and replaced with 10 
mL of phosphate buffer solution (PBS; 6mM Na2HPO4, 1.2mM KH2PO4 and 10mM NaCl). 
Afterwards, the samples were subjected to homogenization at 700 rpm for 30s (IKA T18 
basic Ultra-Turrax) and sonication at 10% strength for 40s (Sonic dismembrator model 
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500, Fisher Scientific, USA). The treated samples were centrifuged, and the resulting 
supernatant was filtered through 0.45 µm mixed cellulose ester membrane (Fisher 
Scientific, USA) to obtain bEPS extract by sonication treatment. To obtain the bEPS extract 
by base method, we first resuspended the remaining pellet with 10 mL PBS and increased 
the sample pH to 10-11.5 using 1 M NaOH. These samples were placed on a shaker table 
at 425 rpm for 2 hrs at 4 oC constant temperature room. After centrifugation, the 
supernatant was filtered through 0.45 µm mixed cellulose ester membrane filter to get the 
bEPS extract via base treatment method 26. Both bEPS extracts were acidified with HNO3 
prior to quantification by ICP-MS. Total bEPS-Fe was the summation of Fe content in 
sonic and base bEPS extracts. Total Fe in the whole biomass sample was determined using 
the Standard Method (Method 3030 E)27, which involves acid digestion of biomass samples 
and analysis with  ICP-MS.  
Photochemical Fe reduction potential. Additional sets of 20 mL vials were prepared 
containing 10 mL activated sludge (AS) spiked with 200 µM Ferrozine (FZ) reagent 
(Sigma Aldrich). These vials were then placed under three lighting conditions and dark 
environment described above. FZ is a strong Fe (II) chelator which forms Fe (II)-FZ3 
complex in the first-order reaction 17. Furthermore, the Fe (II)-FZ3 complex is not 
bioavailable for uptake as FZ does not cross the plasma membrane 16,28. Therefore, it would 
be reasonable to assume that the rate of Fe (II)-FZ3 formation is the rate of Fe (II) release. 
The extent of Fe (II) release due to photochemical reduction was calculated by subtracting 
Fe (II) concentrations in (AS+FZ)Dark from (AS+FZ)Light sets over the incubation time. Fe 
(II) absorbance of 0.45 μm bulk liquid fraction was measured at 562 nm and its 
concentration was quantified using ferrous ammonium sulfate standards + FZ. 
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Furthermore, the impact of light and dark conditions on total Fe release was also studied 
by analyzing total Fe content in the bulk liquid filtrate (0.45 μm) of AS+FZ sets via ICP-
MS.  
Analytical Measurements. Total and volatile solids (VS and TS) and chlorophyll content 
were determined regularly using standard methods 29. Estimation of phycobiliprotein 
content in photogranular sample was made by modifying methods by Bennett and Bogorad 
30 and Islam et al, 31. Ten mL biomass samples were centrifuged at 12000 rpm for 10 mins 
at 4 oC, after which the supernatant was replaced with 10 mL of 0.025 M phosphate buffer 
solution (pH 7.2). These samples were homogenized at 700 rpm for 1 min (IKA T18 basic 
Ultra-Turrax) and then sonicated at 20% strength for 2 mins (Fisher Scientific Sonic 
Dismembrator Model 500). After centrifugation, the supernatant was filtered through 0.22 
µm syringe filters (Basix, Fisher Scientific). Absorbance was measured at 566 nm, 620 nm, 
652 nm and 750 nm, which represented phycoerythrin (PE), phycocyanin (PC), 
allophycocyanin (APC) and background interference, respectively, using a spectrometer 
(DR 2700, Hach, US). Absorbance at 750 nm was subtracted from other wavelengths to 
remove background interference 32. Phycobilin concentration was determined by using 
equations by Bennet and Bogorad 30. Total phycobilin content was the summation of PE, 
PC and APC. Polysaccharide in bulk liquid filtrates and extracted bEPS was measured 
using phenol-sulfuric method 33 with glucose as standard. Protein was measured in bulk 
liquid and bEPS fractions using modified lowry method 34 with bovine serum albumin as 
standard. Dissolved organic carbon (DOC) and total nitrogen (DTN) in different bulk liquid 
fractions were analyzed using a TOC/TN analyzer (TOC-VCPH, Shimadzu, U.S.A). 
Dissolved inorganic nitrogen (DIN) species (nitrite, nitrate and ammonium) in the same 
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filtered bulk liquid fractions were determined by ion chromatography (Metrohm 850 
professional IC, Switzerland). Dissolved organic nitrogen (DON) was calculated by 
subtracting DIN from DTN. Ion chromatography was also used to track sulfate (SO42-) and 
phosphate (PO43-) concentrations in bulk liquid fractions as these could be potential ligands 
for Fe besides DOC. Dissolved oxygen (DO) in the photogranular sample was monitored 
using a potable DO probe (Orion star A223, Thermo Scientific) inside the glove box under 
continuous nitrogen purging.  
Microscopy. Light and auto-florescence microscopy (EVOS FL Color, AMEFC4300) was 
regularly conducted on the outer and inner sections of photogranular samples. Cryo-cross 
sectioning was performed on mature photogranules to understand the distribution of 
cyanobacterial community. In brief, mature photogranules were separated from the bulk 
liquid and dried with Kim wipe (Kimtech, USA) prior to freezing at -20 oC. The frozen 
photogranules were placed on wax sheets and cross-sectioned at the middle via sterile razor 
blade. Auto-florescence microscopy was utilized to evaluate the presence and possible 
radial migration of filamentous cyanobacteria due to the changes in lighting conditions. 
The presence of filamentous cyanobacteria was detected via RFP excitation (530 nm) 
which produced golden-orange fluorescence as an indication of phycobilin pigment 
phycoerythrin 35.  
Statistical Analysis. Pearson correlation coefficient (r) and two-sample t-test (α = 0.05) 
were performed to determine the correlation strength and the statistical significance (p-




Results and Discussion 
Impact of light intensity on the progression of photogranulation. The effect of light 
intensity on the photogranulation process was studied by observing the changes occurring 
in the microbial community and structural development over time. Among the three light 
intensities, medium light started forming mature spherical OPGs after week 2, while the 
low light set demonstrated the OPG formation from week 3 (see Figure S1 A). It took the 
low light set around 4-6 weeks to produce rigid, spherical OPGs. In contrast, the high light 
exhibited the formation of OPGs by the end of week 1. Continued exposure to high light 
intensity, however, resulted in loss of photogranulation, and in some cases, biomass 
degradation (Figure S1 B).Visual observation of the cultivation vials also revealed the 
establishment of green color gradient with low light forming OPGs having darker green 
color as compared to OPGs in the higher light intensities. The OPGs resulting from low 
light intensity were also found to be more spherical and compact as compared to medium 
and high light intensities. These observations, hence, suggest that the rate of 
photogranulation is influenced by the light availability and that the resilience of OPGs can 
be maintained by establishing a threshold for light intensity.  
The changes in microbial community, especially cyanobacteria, during the 
progression of photogranulation was studied using light and autofluorescence microscopy 
(Figure 4.1). Medium light intensity, used in previous studies 20,36, showed the growth of 
green microalgae before the abundant growth of filamentous cyanobacteria. Using the 
fluorescence indicator, it was revealed that the filamentous cyanobacteria eventually 
envelop the green microalgae and heterotrophic bacteria into a granular biomass, with only 
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a few cyanobacteria remaining in the center. Low light intensity, in contrast, showed the 
gradual development of a thick, peel-able cyanobacterial outer layer which covered the 
activated sludge. Low light seemed to encourage higher growth of motile filamentous 
cyanobacteria along with excessive production of extracellular slime. Comparatively fewer 
green microalgae growth was observed under low light. On the other hand, the high light 
intensity demonstrated the growth of excessive green microalgae over cyanobacteria, 
which adversely impacted photogranulation. These microscopic inspections, hence, reflect 
that light intensity affects the phototrophic community with low light favoring 
cyanobacterial growth while higher light promoting green microalgae. These findings also 
provide evidence that the strength of produced OPGs is related to the cyanobacterial 
abundance which, in turn, is dependent upon light intensity. 
In addition to cyanobacterial abundance, light intensity was also found to impact 
the spatial distribution of cyanobacteria across the produced OPGs (Figure 4.1). 
Filamentous cyanobacteria were observed to migrate radially outwards in the 
photogranular biomass, to potentially harness maximum light energy under low lighting 
conditions. In retrospect, they were seen to migrate radially inwards, with increasing light 
intensities, to possibly avoid photo-inhibition 14,15. The fluorescence technique also 








Figure 4.1: Microscopic observation depicting the distribution of cyanobacteria in outer, inner and cross-
section of mature OPG produced under different light intensities. Scale bar in top and bottom panel is 2000 
µm, while middle panel has scale bar of 400 µm.  
 
Mature OPGs also showed the presence of motile filamentous cyanobacteria in the 
form of ring-like structures (Figure 4.2). Cyano-microspheres, having diameters of 100 to 
300 µm, existed in the outer-interface regions of the mature OPG under all three lighting 
conditions. The formation of cyanobacterial-based microspheres has been documented by 
Brehm et al 37. Their study highlighted how a visible envelope, which enclosed 
heterotrophic bacteria and diatoms, was approached and penetrated into by the filamentous 
cyanobacteria. Cyanobacteria was then reported to arrange themselves on the inside surface 
of the sphere, thereby creating cyano-microspheres which remained stable for several 
months. In this study, light intensity was noted to influence the abundance of cyano-
microspheres, with low light favoring the highest growth (Figure 4.2 A). Cyano-
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microspheres were seen appearing after week 3 in low lighting, after which they continued 
to remain in the photogranular biomass. In contrast, higher lighting conditions showed the 
presence of cyano-microspheres mostly towards the end of photogranulation process. The 
production of cyano-microspheres has been elucidated as a result of a chemotactic response 
of cyanobacteria to bacteria and/or algal metabolic secondary products 37,38. Furthermore, 
it has been suggested that cyanobacteria forms microspheres to create a symbiotic 
environment for better organization of light, minerals and other resources as well as means 
to protect against grazing 37–39. These findings indicate higher need of cyano-microspheres 
under lower lighting environment, possibly for utilizing mineral content (e.g. Fe) via 
symbiotic relationship. In-depth analysis on the produced cyano-microspheres is required 
to better understand their role in the formation of photogranulation and potential link with 
Fe accessibility in future.   
 
Figure 4.2: Presence of cyano-spheres observed in mature granules at Low (A, D), Medium (B, E) and High 
(C, F). Panels (A-C) have scale bar of 2000 µm, whereas panels (D-F) have a scale bar of 400 µm. Panel C 
is a cross-section image of granule at high light.  
 
Changes in biomass characteristics during the photogranulation process. The impact 
of light intensity on photogranulation was further studied via biomass characterization. 
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Biomass concentration (Figure 4.3 A) increased gradually in high light range till Day 28, 
after which it declined and became similar to other light intensities. The average total solids 
concentration was 2036±35 mg/L. Even though visually the biomass concentration trends 
seemed different, there existed no statistical difference between low and high (p>0.83), 
medium and high (p>0.33) and low and medium (p>0.33) light sets during the cultivation 
period. Likewise, statistically similar observations were made between light sets and dark.  
The impact of light intensity on the production of photo-pigments were also 
observed during the cultivation period. Figure 4.3 B depicts the low light intensity having 
excessive production of phycobilin protein up to 57±5 mg/L in comparison to the other two 
light ranges. Cyanobacteria, unlike eukaryotic microalgae, have an additional light 
harvesting pigment, phycobilin. Furthermore, cyanobacteria have lower maintenance 
requirement than eukaryotic microalgae under limited lighting condition 40. This suggests 
that low light intensity can create a selection pressure for cyanobacteria and encourage 
higher abundance as compared to higher light ranges. The extent of phycobilin 
concentration in low light also supports the microscopic observations where earlier low 
light demonstrated highest cyanobacterial abundance. Phycobilin concentration was 
observed to steadily increased under medium light till Day 9 after which it reached a steady 
state. In contrast, peak phycobilin content was observed by the end of week 1 under high 
light intensity, after which it declined. Overall, phycobilin production was observed to be 
statistically different between low/ high (p<0.046) and medium/ high (p=0.05) light ranges.  
Chlorophyll a exhibited similar trend as phycobilin production during the 
photogranulation process (Figure 4.3 C). Low light range showed a strong positive 
correlation between chlorophyll a and phycobilin (r= 0.97), which was followed by 
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medium (r= 0.86) and high (r= 0.85) light. Similarly, strong positive correlation also 
existed between phycobilin and chlorophyll a/b (Figure 4.3 D) with r= 0.95, 0.61 and 0.60 
for low, medium and high light respectively. Chlorophyll a/b has been used as an indicator 
to monitor cyanobacterial growth during the photogranulation process 20,22,36. Like 
phycobilin, chlorophyll a/b was also found statistically significant between low/ high 
(p=0.050) and medium/ high (p<0.035) light ranges. These findings support the earlier 
microscopic observations that the cyanobacterial abundance in OPG decreases with 
increasing light intensity.  
 
Figure 4.3: Effect of light intensity on (A) total solids (mg/L), (B) total phycobiliprotein (mg/L), (C) 
chlorophyll a (mg/L) and (D) chlorophyll a/b production during the progression of photogranulation under 
hydrostatic condition. Error bars represent standard deviation from triplicate samples.  
 
Influence of light on the fate and dynamics of bulk-liquid Fe. At the time of incubation, 
total Fe content of 0.14±0.00 mg/L was present in the bulk liquid, of which 92% belonged 
to the dissolved fraction (Fe < 30 kDa) while 8% existed as colloidal pool (30 kDa < Fe < 
0.45 µm). However, once the vials were sealed and incubated, a sharp release of Fe to the 
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bulk liquid was observed which afterwards started to decline, ultimately reaching a steady 
state condition in both size fractions (Figure 4.4). Dark condition was observed to release 
higher total Fe content (1.46±0.08 mg/L) by Day 3, followed by low (0.86±0.08 mg/L)  at 
Day 2, medium (0.35±0.04 mg/L) at Day 1 and high (0.18±0.02 mg/L) at Day 0.5 in 0.45 
µm filtrate. Similar observations were made for dissolved and colloidal pool but with 
decreased concentrations at the same time period. This indicates that the rate and amount 
of total Fe release is light dependent i.e. the rate of Fe release increases with light intensity, 
while its amount decreases with increasing light.  
The released Fe content in the dark control was mostly dissolved (74%) as 
compared to colloidal (26%) during the first six days of incubation (p=0.07). Afterwards, 
both Fe size fractions became similar (p<0.65). Lighting conditions, on the other hand, 
exhibited Fe mostly belonging to the colloidal pool rather than dissolved pool during peak 
release period (Day 0-2). Average colloidal Fe pool was also affected by light intensity as 
low light showed higher content (0.17±0.02 mg/L), followed by medium (0.09±0.03 mg/L) 
and high (0.05±0.02 mg/L). After Day 2, the Fe content was observed to be higher in 
dissolved pool as compared to colloidal fraction under medium (p<0.002) and high (p 
<0.004) light, whereas low showed similar Fe in both size fractions (p<0.12).  
The sharp release in total Fe was found to be associated with the development of 
anaerobic condition as reflected by the depletion of dissolved oxygen in the system (Figure 
4.4 B, D, F, H). Under this condition, most of the total Fe existed as Fe (II) in nature since 
this oxidation state is thermodynamically favored under anoxic environment at 
circumneutral pH range (6.8-8). Besides Fe (II), a fraction of Fe (III) was also detected in 
bulk liquid during the anaerobic phase. This indicates that there exists a pool of Fe (III) 
 81 
that does not undergo photochemical and/or biological Fe reduction. The net Fe (II) release 
was impacted by light intensity with dark exhibiting 9x, low 3x and medium 1.5x higher 
Fe (II) release than high light condition. Strong negative correlation existed between Fe 
(II) and dissolved oxygen (DO) under lighting conditions (low, r= -0.79; medium, r= -0.71; 
high, r= -0.76) as compared to dark (r= -0.34). The generation of DO prompted rapid 
conversion into Fe (III), which remained throughout as the dominant Fe oxidation state in 
the bulk liquid system. Overall Fe (II) and Fe (III) trends were found statistically significant 
after Day 6 under different lighting conditions (p<0.00006).  
 
Figure 4.4: Fate of Iron (Fe) content in the different size fractions of bulk liquid under (A) Dark, (C) Low, 
(E), Medium and (G) High light intensities over the course of photogranulation process. Changes in Fe 
oxidation state and their relationship with dissolved oxygen production (D.O, mg/L) under (B) Dark, (D) 
Low, (F) Medium and (H) High light conditions is also displayed. Error bars represent the range of results 
from duplicate samples.  
 82 
Interaction of inorganic species with bulk-liquid Fe was conducted using Pearson 
correlation analysis (Table 4.1). In nitrogen species, there was a strong positive correlation 
between NH4+ and dissolved Fe pool. NH4+ is released under anaerobic condition due to 
the degradation of nitrogen containing organic matter, primarily proteins, which have high 
affinity with Fe (III) 41. The correlation strength between NH4+ and dissolved Fe pool 
became stronger from dark to medium and then weaker in high during the course of 
cultivation. However, once correlation analysis was performed during Day 0 to 9, high 
light demonstrated much stronger correlation between NH4+ and Fe in dissolved pool (r= 
0.93). This indicates the correlation strength between ammonium and dissolved Fe 
increases with light intensity during the formation of OPGs. Further analysis also revealed 
that low light has strong correlation between NH4+ and dissolved Fe (II), while higher light 
has stronger relationship with dissolved Fe (III). NO3- and NO2- also showed positive 
correlation with dissolved Fe pool, which increased with the light intensity during the 
progression of photogranulation. High light sets demonstrated strong correlation between 
NO3- and dissolved Fe (r=0.76), and NO2- and dissolved Fe (r=0.72) during Day 0 to 9. 
Both NO3- and NO2- exhibited strong positive relationship with dissolved Fe (III) pool 
rather than dissolved Fe (II). Fe requirement by phytoplankton is strongly influenced by 
the source of nitrogen 1,5. Phytoplanktons growing on ammonium have a lower Fe 
requirement than growth in nitrate (NO3-). This is because phytoplankton need more Fe to 
convert NO3- into ammonia so it could be directly incorporated into amino acids 1. Indeed, 
the rate of phototrophic growth was observed to increase with light intensity which 
indicates accelerated utilization of ammonia, thereby triggering more Fe uptake to 
assimilate NO3- for growth. Additionally, phytoplankton also demonstrated three growth-
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dominion regions (high, intermittent and low) based on Fe and NO3- availability. 
According to Reuter J. G. et al 5, High Fe: NO3- region tends to favor cyanobacteria, while 
low Fe: NO3- region seems to show domination of eukaryotic algae. In this study, Fe: NO3- 
was observed to decrease with light intensity (Figure S2) which supports our earlier 
microscopic and pigment analysis revealing cyanobacterial abundance under lower 
lighting environments. Like Fe: NO3-, Fe: PO43- decreased with light intensity (Figure S2). 
PO43- showed positive correlation with dissolved Fe pool which declined with light 
intensity (low, r= 0.51; medium, r= 0.48; high, r= 0.26).   
Besides inorganic dissolved species, correlation analysis was also performed 
between organic species and bulk-liquid Fe (Table 4.1). Soluble protein (sPN) showed 
moderate to weak negative correlation with colloidal Fe pool (especially Fe (II)). The 
relationship was observed to increase from dark to medium. Cyanobacteria is stated to 
produce extracellular protein as a response to environmental stimuli and for metal 
acquisition 42. Studies on cyanobacterial exoproteins have reported the production of 
ferritin like Dps and soluble iron-binding proteins FutA2 for the acquisition of  Fe 43,44. 
The weak correlation with high light is speculated to be due to possible photo-degradation 
of sPN. In contrast to sPN, sPS exhibited a strong negative correlation with dissolved Fe 
(II) pool, which decreased with light intensity. Visual observations revealed the production 
of extracellular slime, a form of soluble polysaccharide, which is known to be released by 
cyanobacteria for gliding motility 45. Motile cyanobacteria especially Oscillatoria sp. has 
the ability to vertically migrate in microbial biofilms to capture adequate light energy or to 
prevent photoinhibition 14,15. Overall soluble polysaccharide (sPS) and protein (sPN) 
content were discovered to increase with light intensity (Figure S3).  
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DOC content, which includes both sPN and sPS, was also seen to increase with 
light intensity during the progression of photogranulation (Figure S4). Furthermore, they 
demonstrated strong to moderate negative correlation with dissolved Fe pool, which 
decreased in strength along with the light intensity (Table S1). Fe/DOC ratio has been 
suggested to impact the cyanobacterial Fe uptake in water 46. In this study, the development 
of anaerobic condition promoted high Fe/DOC which declined with increasing light 
intensity. Fe/DOC continued to decrease over the course of cultivation, ultimately reaching 
very low levels which were statistically similar across different lights. According to Fujii 
et al, 47 if Fe (III) is strongly bounded with ligands at low Fe/ligand ratio, then organically 
complexed Fe (III) needs to be photochemically reduced and dissociated to unchelated Fe 
(II) for effective uptake. Therefore, it is reasonable to assume that the Fe remaining in bulk 
liquid at the later stages of photogranulation is most probably in unavailable form.  
Photopigments showed strong negative relationship with dissolved Fe pool (Table 
4.1), which is the most preferred form of Fe for the growth of phototrophic communities. 
Overall strong negative correlations were observed between phycobilin and dissolved Fe 
pool, which was followed by chlorophyll a, chlorophyll b and then chlorophyll c. All 
pigments exhibited higher dependency on both colloidal and dissolved Fe (II), while strong 
reliance was only noted for dissolved Fe (III) pool. Eukaryotic microalgae produce 
chlorophyll a, b and c, while cyanobacteria produce phycobilin and chlorophyll a. 
Microalgae also have smaller Fe requirement and faster growth rates than cyanobacteria. 
These results suggest that the competition for bulk-liquid Fe increases with light intensity 
as rapid growth of microalgae creates available Fe limitation in bulk liquid environment.  
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Table 4.1: Pearson correlation coefficient of bulk-liquid Fe with different dissolved species and pigment 
production during the cultivation period a 
 
 
Extent of Fe availability via photochemical Fe reduction pathway. The determined Fe 
content in the bulk liquid fractions were actually the net Fe content i.e. the difference 
between Fe produced and Fe consumed at a given time period. Therefore, to better 
understand the extent of total Fe release during the photogranulation process, ferrozine 
based activated sludge samples (AS+FZ) were analyzed. Figure 4.5 A presents the total Fe 
concentration (mg/L) measured in bulk liquid fraction of AS+FZ sets during Day 0 to 1. 
Total Fe content showed increase with light intensity. Furthermore, the regression analysis 
revealed that the rate of total Fe release is also influenced by light intensity as high 
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demonstrated highest rate (2.62 mg Fe produced/d), followed by medium (2.05 mg Fe 
produced/d), low (1.75 mg Fe produced/d) and dark (1.27 mg Fe produced/d). The rate of 
total Fe release was observed to decrease in all sets after Day 1. Overall, the total Fe release 
in AS+FZ sets were found to be statistically different between dark/medium (p<0.03) and 
dark/high (p<0.02), while low/high showed weak significant difference (p<0.07).  
In this study, three key Fe reduction pathways can potentially co-exist during the 
initiation of the photogranulation process. The development of anaerobic conditions during 
the incubation period can lead to the growth of Fe reducing bacteria. In addition, the 
negative shift in oxidation-reduction potential (ORP) also encourages rapid Fe reduction 
as Fe (II) is thermodynamically favored under reducing environment. The third potential 
pathway is photochemical Fe reduction which is facilitated by ligand-to-metal charge 
transfer during the irradiation period 17,18,48,49. Figure 4.5 B demonstrates the extent of Fe 
(II) release via photochemical reduction pathway. High light resulted in Fe (II) release up 
to 1.60±0.08 mg/L by Day 1. This is more than 90% of Fe (II) content observed in activated 
sludge set without ferrozine. Likewise, medium light showed 80% more Fe (II) content, 
while low produced 20% more Fe (II) content than normal sets without ferrozine. 
According to Fujii et al. 17, Fe availability increases due to increase in the concentration of 
photo-produced unchelated Fe (II). Photo-reduction of Fe (III)-organic complexes are also 
reported to release bio-accessible Fe (II) complexes for algal uptake 50, which may occur 
in hydrostatic cultivation. These findings, hence, indicate that the photo-generated Fe (II) 
pool increases the availability of Fe with increasing light intensity. The enhanced Fe 
availability promotes the phototrophic growth which resulted in faster utilization of Fe, 
ultimately creating an Fe limiting environment. Limitation of available Fe has been 
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demonstrated to drive the photogranulation in hydrostatic environment 24. On the basis of 
these results, it can be elucidated that light intensity will increase the rate of 
photogranulation by accelerating the limitation of available Fe.   
 
Figure 4.5: The extent of (A) total Fe and (B) photo-chemically reduced Fe release in bulk liquid during the 
initial period of photogranulation process. Regression analysis on total Fe released in bulk liquid over time 
(A) is also presented. Error bars represent the range of results from duplicate samples.  
 
In further observations, Fe (II)-FZ complexation was observed to decline in AS+FZ 
sets as the photogranulation progressed (Figure S5). High became colorless by Day 4, 
followed by medium around Day 6 and low by Day 19. These day points corresponded to 
the moment when total Fe concentration reached a steady state condition (0.39±0.18 mg/L). 
Pearson correlation of total Fe with DO showed strong negative correlation with high (r= 
-0.83), followed by medium (r= -0.47) and low (r= -0.40). This along with increased DOM 
release suggest presence of higher chelating powers that capture Fe from ferrozine 
complex, thereby shifting color gradient from dark magenta to colorless. Cyanobacteria are 
also known to secrete low molecular weight, strong Fe chelator called siderophores under 
Fe limited environment 11. Visual inspection also revealed FZ sets displaying improved 
rate of photogranulation than regular AS sets (Figure S5). These results further demonstrate 
that limitation of available Fe encourages photogranulation.  
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Effect of light intensities on the biomass-bound extracellular polymeric substance 
(bEPS) production. Changes in the production of bEPS was also investigated to further 
understand the influence of lighting conditions on the photogranulation process. Biomass-
associated EPS polysaccharide (bEPS-PS) was noted to increase along with the progression 
of photogranulation (Figure 4.6 A). Low light exhibited the highest bEPS-PS production, 
which was more than 76% of the initial AS bEPS-PS content. Medium showed up to 23% 
increase in bEPS-PS during Day 0 to 28, whereas high seemed to have only slight increase 
of 3% by Day 9 after which it declined. Overall bEPS-PS content was observed to be 
statistical different between low/high (p<0.047) and medium/high (p<0.037). Significant 
difference also existed between dark and lighting conditions (p<0.002).  
In contrast to bEPS-PS, biomass-bound EPS protein (bEPS-PN) content decreased 
over the course of cultivation (Figure 4.6 B). The extent of bEPS-PN decline was also 
found to be affected by the light intensity as up to 29%, 32%, 40% and 60% decrease was 
observed in dark, low, medium and high respectively. Changes in bEPS-PN was 
statistically significant between low/high (p<0.050) and high/dark (p<0.022). On the other 
hand, bEPS PS/PN trends were similar to bEPS-PS with them increasing with light 
intensity (Figure 4.6 C). PS/PN is an indicator of cyanobacterial growth and the formation 
of OPGs. High reached highest bEPS-PS/PN by Day 12, followed by medium at Day 28 
and low at Day 38.  
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Figure 4.6: Effect of varying light intensities on the production of biomass-bound extracellular polymeric 
substances (bEPS) (A) polysaccharides (PS, mg/L), (B) protein (PN, mg/L), and (C) PS/PN ratio during the 
course of photogranulation process. The impact on total Fe content (mg/L) residing in the extracted bEPS is 
also presented (D). Error bar represents standard deviation from triplicate samples.  
 
Figure 4.6 also illustrates the effect of light on the fate of extractable bEPS-Fe 
during the photogranulation process. bEPS-Fe displayed similar trend as bEPS-PN. Indeed, 
a strong positive correlation existed between bEPS-Fe and bEPS-PN (Table 4.2). Ferric Fe 
is known to have a strong affinity to activated sludge EPS protein 51. Moreover, large 
release of Fe-linked proteins has been reported during the anaerobic digestion due to Fe 
reduction 41,52. Kuo-Dahab et al, 22 observed a significant reduction in bEPS-PN during the 
initial incubation period of hydrostatic cultivation at 160−200 μmol/m2-s light intensity. 
These observations, along with our current findings, indicate the substantial release of Fe 
pool from bEPS under anaerobic condition. This along with photochemical Fe reduction 
led to enhanced Fe availability which we demonstrated earlier to increase with the light 
intensity.  
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Correlation between bEPS-Fe and pigments was found highest in low especially 
for phycobilin and chlorophyll a content (Table 4.2). To capture sufficient light energy at 
low lighting environment, cyanobacteria require higher Fe content for the biosynthesis of 
chlorophyll and phycobilin pigments which involve Fe-dependent steps 5. Furthermore, 
unlike eukaryotic microalgae and heterotrophic bacteria, cyanobacteria have higher Fe 
requirements due to high Fe content in their photosynthetic apparatus 1,10,53. Higher 
correlation with phycobilin and chlorophyll a/b further signal increasing cyanobacterial 
abundance as light intensity decreases. Meanwhile, Chlorophyll b and c showed 
comparatively higher correlation with bEPS-Fe at higher light intensities, implying the 
higher utilization of bEPS-Fe for eukaryotic microalgal growth as compared to 
cyanobacteria.  
Table 4.2: Pearson correlation coefficient of bEPS Fe (mg/L) with different pigments and fractions of bEPS 
during the hydrostatic cultivation under varying light intensities.  
 
Overall these results validate bEPS protein as a major source of available Fe in the 
photogranulation process, whose demand increases with increasing light intensity to 
sustain phototrophic growth and ultimately the formation of OPGs.  
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Distribution of Fe in the photogranular system. Figure 4.7 depicts the impact of lighting 
conditions on the distribution of Fe (%) in different fractions of the produced OPG. Most 
of the Fe in AS was found to be within the pellet fraction (91%), followed by bEPS extract 
(8%) and bulk liquid (1%). Pellet Fe showed increase throughout the cultivation period, 
reaching up to 98% and 94% under light and dark environments respectively by Day 38. 
Our earlier investigations on pellet Fe under low light condition revealed similar 
observations 24. Photogranular pellet fraction contains Fe inside cells, as 
minerals/precipitates and/or Fe bonded to unextracted pool of EPS. Intracellular Fe content 
in AS bacteria is reported to be approximately 0.2% of the dry mass 54. Since AS is mostly 
comprised of bacterial cells, with negligible phototrophic community and EPS (which 
accounts to 50-80% of AS organic fraction) 55, it is expected that the intracellular Fe content 
in bacteria would be around 0.6 to 1.5 mg/L. Total Fe content in whole photogranular 
biomass was found to be 19±1 mg/L. This implies the total intracellular Fe content during 
the initial incubation period to be less than 10%, leaving up to 90% Fe content outside of 
cells. According to Wang et al.,56 majority of iron (>98%) in the sludge is either contained 
within bacterial cell or present in other insoluble forms such as ferric oxhydroxides. The 
presence of highly oxic and circumneutral pH environment in AS systems promotes the 
formation of insoluble ferric hydroxides. Research has also indicated that more than 60% 
fed Fe can convert into insoluble ferric oxyhydroxides in the aerated sludge system 56. Our 
recent study detected the presence of ferric oxyhydroxides and ferric oxides, dominantly 
in amorphous form, inside the photogranular biomass24. It is therefore, speculated that the 
90% initial pellet Fe would exist as insoluble Fe mineral/precipitates and unextracted EPS-
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Fe. Statistical analysis on pellet Fe fraction revealed significant difference between 
dark/low (p= 0.05), dark/medium (p<0.002) and dark/high (p<0.002).  
The progression of photogranulation promotes the growth of phototrophic 
community having different intracellular Fe content. Eukaryotic algae reportedly has 
intracellular Fe approximately 1-3% of phosphorus content 57, which is typically 2.7% of 
activated sludge VSS. Cyanobacteria, on the other hand, has been noted to require 5 to 8 
folds higher cellular Fe: C ratio than eukaryotic algae under similar lighting conditions 58 
and 10 folds higher cellular Fe than non-photosynthetic prokaryotes 59. The formation of 
OPG is accompanied with statistically similar biomass concentration as well as VS/TS 
ratio. Considering the high Fe requirement of phototrophic community and no changes in 
solids concentration, it can be speculated that the total intracellular Fe content will increase 
along with the progression of photogranulation. Future work on microbial ecology will 
reflect the presence and abundance of various microbial communities at different stages of 
photogranulation. This will help in estimating the extent of intracellular Fe distribution 
within different microbial communities in the photogranular biomass.   
  Unlike Pellet Fe, bEPS-Fe content was observed to deplete to 4.4%, 1.1%, 1.2% 
and 1.3% of total Fe content under dark, low, medium and high respectively by Day 38. 
Likewise, bulk-liquid Fe also decreased to 1.0%, 0.3%, 0.4% and 0.4% under dark and 
different lighting conditions respectively by Day 38. Very strong negative correlation 
existed between bEPS-Fe and pellet Fe fraction (dark, r= -0.79; low, r= -0.94; medium, r= 
-0.99; and high, r= -1.0). Bulk-liquid Fe showed comparatively weaker negative correlation 
with pellet Fe fraction under lighting conditions (dark, r= -0.81; low, r= -0.79; medium, r= 
-0.73; and high, r= -0.54). Earlier we demonstrated bEPS-Fe having strong negative 
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correlation with phototropic growth especially cyanobacteria. It can, therefore, be directed 
that bEPS pool is the principal source of Fe enrichment in pellet fraction over the course 
of cultivation due to increase in intracellular Fe fraction. Overall, statistically variant bEPS-
Fe (%) distribution was observed between dark/medium (p<0.01) and dark/high (p<0.03) 
during the entire course of cultivation. Low/dark demonstrated significant difference in 
bEPS-Fe % after Day 2 (p<0.05). Bulk-liquid Fe was also found statistically different 
between dark and low (p<0.06), medium (p<0.01) and high (p<0.004) throughout the 
cultivation period.   
 
Figure 4.7: Fe distribution (%) in different fractions of the photogranular biomass under (A) Dark, (B) Low, 
(C) Medium and (D) High lighting conditions during the course of photogranulation.  
 
Conclusions  
The current study presents the significant role of light intensity and Fe availability in the 
photogranulation process. It is expected that the adaptation of low-medium light range in 
future OPG-based operations will yield effective OPGs which will be enriched in 
cyanobacteria and have higher resilience than the OPGs produced at higher light intensities. 
Lower lighting conditions will also ensure rapid and cost-effective production of successful 
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photogranulation to improve the future scale-up operations and prevent failures due to 
photo-inhibition. Furthermore, monitoring Fe levels in the system will also help prevent 
photogranular failure. We also expect that the fate of Fe under different lighting conditions 
will be similar in the hydrodynamic settings i.e. the limitation of available Fe will drive the 
photogranulation. However, unlike hydrostatic cultivation, the rate of Fe utilization will be 
faster due to presence of shear. Shear is a key force that promotes rapid photogranulation 
in hydrodynamic setting. Future studies need to be conducted on the combined effect of 
light and Fe availability on the formation of OPG under hydrodynamic conditions to 
validate these hypotheses. These efforts, ultimately, will enhance our understanding of 
light and Fe as driving factors of photogranulation phenomenon and encourage the 
advancement of photogranular-based wastewater treatment process. The optimized 
lighting conditions will further promote the minimization of energy demand associated 
with successful operation of aeration-free wastewater treatment.  
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THE FATE AND DYNAMICS OF IRON DURING THE TRANSFORMATION OF 
ACTIVATED SLUDGE INTO OXYGENIC PHOTOGRANULES UNDER 
HYDRODYNAMIC BATCH CONDITIONS 
Abeera A. Ansari, Arfa A. Ansari, Gitau J. Gikonyo, Ahmed A. Abouhend and Chul Park 
 
Abstract  
Oxygenic photogranules (OPGs) are dense, spherical structures containing filamentous 
cyanobacteria, microalgae and heterotrophic bacteria. Besides hydrostatic batch condition, 
OPGs can be produced directly from the activated sludge under illuminated hydrodynamic 
batch conditions. The produced OPGs under these two batch conditions are reported to 
share morphological and physiochemical characteristics with each other. Recently we 
demonstrated that limitation of available Fe encourages filamentous cyanobacteria to form 
OPG under hydrostatic environment. Considering the similarities between the two batch 
conditions, the question arises will we observe limitation of available Fe driving the 
photogranulation process in hydrodynamic batch conditions as well? To investigate this 
question, we operated four replicate hydrodynamic batches with two times diluted Amherst 
and Hadley activated sludges under continuous illumination (126±9 µmol/m2-s) and 
mixing (20 rpm) conditions for a period of 19 days. The development of initial anaerobic 
conditions led to the release of Fe, especially Fe (II), into different bulk liquid fractions. 
However, Fe quickly declined in the bulk liquid fractions and remained at overall steady 
values. The biomass-bound extracellular polymeric substance associated Fe pool (bEPS-
Fe) continued to decline and eventually reached stable levels during the progression of 
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photogranulation. Cyanobacterial growth exhibited moderate to strong negative correlation 
to both bEPS and bulk-liquid Fe pool. Whereas, eukaryotic microalgae showed more 
dependence on bulk-liquid Fe pool as compared to bEPS-Fe for growth. Fe distribution 
analysis was also conducted which revealed higher Fe content (%) in the pellet fraction, 
followed by bEPS extract and bulk liquid fraction. Estimation of intracellular Fe content 
showed that the increase in pelletized Fe fraction over the course of photogranulation might 
possibly be due to increase in intracellular Fe content. Overall, the study demonstrated that 
limitation of available Fe in bEPS and bulk liquid fractions encouraged the formation of 
photogranule in hydrodynamic batch conditions. These observations are similar to earlier 
reported batch hydrostatic cultivation, which further supports the shared photogranulation 
phenomena in the two batch conditions.  
 
Introduction 
Oxygenic photogranules (OPGs) are dense spherical structures containing motile 
filamentous cyanobacteria that encloses microalgae and heterotrophic bacteria in a granular 
biomass 1–4.  OPGs are formed from activated sludge inoculum under hydrostatic 
conditions in the presence of illumination source 1,2,5. The hydrostatically-produced OPGs 
are then utilized as seed in bioreactors (with the presence of mixing) for rapid start-up of 
OPG-based wastewater treatment 1,4,6. The OPGs generated during bioreactor operation 
share similar granular morphology with the seed biomass. The OPG process is also able to 
treat wastewater without external aeration, which currently causes the highest energy 
demand in contemporary wastewater treatment in developed countries 4,7. The OPG’s 
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ability to self-aerate, fix carbon, and settle quickly in water makes OPG-based system a 
promising green biotechnology for the treatment of wastewater 1,4,6,7.  
Recently Ansari et al.8 investigated the role of iron (Fe) in the formation of OPGs 
under hydrostatic cultivations. Fe is an essential micronutrient involved in numerous 
cellular processes, such as photosynthesis, respiration, photopigment synthesis, nitrogen 
fixation and assimilation 9–11. Among the microbial community, cyanobacteria, the key 
granulating microbes in OPGs 1, have exceptionally high Fe requirements for their 
metabolic activities 11–15. Studies have reported that cyanobacteria form 
colonies/aggregates under Fe limitations 16–18.  Ansari et al 8 showed that the limitation of 
available Fe pool drove the cyanobacterial population towards biomass aggregation and 
ultimately the production of OPGs. Cyanobacterial growth showed strong negative 
correlation with biomass-bound extracellular polymeric substance associated Fe pool 
(bEPS-Fe), as they reached stationary growth phase around the time bEPS-Fe levels 
became constant. Ansari et al.8 further reported the presence of insoluble Fe (III) oxides 
within the photogranular biomass, which bind with EPS and promote granulation as bio-
coagulant 19. These findings, hence, demonstrate Fe as a potential driving force in the 
formation of OPG in a hydrostatic environment.  
Previously, Gikonyo et al. 20 revealed the direct production of OPGs from the 
activated sludge under illuminated hydrodynamic batch conditions. The practical outcome 
of this study was to find a way to begin the OPG-based system faster than the previous 
method, which uses hydrostatically formed OPG. This study concluded that although 
conditions in which OPGs are produced are substantially different between hydrostatic and 
hydrodynamic batches, the formation is basically based on the same phenomenon as the 
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morphological and physio-chemical characteristics of OPGs from the two sources are very 
similar. The question is then arisen: does the limitation of available Fe seen in hydrostatic 
batches also occur and influence OPG formation in hydrodynamic batches?  
The present study examined the above research question by operating replicate 
hydrodynamic batches using two different sources of activated sludges. The hydrodynamic 
batches used one combination of lighting intensity, seeding density, and mixing conditions, 
which previously showed the formation of OPGs 20. Fe content in bulk liquid, extracted 
bEPS, and whole biomass was determined at regular time intervals throughout the 
cultivation. Size distribution and oxidation states of Fe in the bulk liquid (dissolved and 
colloidal Fe) was also studied. Additionally, this study investigated the phytoplankton 
growth, especially cyanobacteria, and their relationship to available Fe pool during the 
course of photogranulation. The outcome of this study is expected to help in better 
understanding the photogranulation phenomenon, which seems to occur in widely varying 
environments.  
 
Materials and Method  
Batch setup and operation. Hydrodynamic batch cultivation was conducted by using a 
coagulation jar setup (Phipps and Bird jar tester, model 7790302). Prior to the experiment, 
activated sludges were collected from the aeration basins of wastewater treatment plants 
(WWTP) in Amherst and Hadley, MA. These sludges were diluted two times with distilled 
water in 1:1 ratio. Eight hundred mL of diluted activated sludge was incubated in four 
replicates of 1 L batches. These batches were mixed at 20 rpm using a straight blade 
stainless-steel impeller (5 cm diameter). Batches received continuous light intensity of 
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126±9 µmol/m-s using 9 W LED bulbs (EcoSmart, daylight-5000 K). The experimental 
setup was undertaken at 18 oC constant temperature room. Triplicate composite samples 
were prepared at each sampling point by combining known volumes of mixed biomass 
samples from all four batches.  
Analysis of the fate and dynamics of Fe over the course of cultivation. Fe content in 
bulk liquid, extracted biomass-bound extracellular polymeric substances (bEPS) and whole 
biomass was determined at different sampling points during the course of this study. Fe 
content was analyzed in two different bulk liquid size fractions namely colloidal (0.45 μm 
– 30 kDa) and dissolved (<30 kDa). In brief, the bulk liquid was passed through 0.45 μm 
mixed cellulose ester membrane (Fisher Scientific, USA). The obtained filtrate comprised 
of both colloidal and dissolved Fe fraction. Bulk liquid was also passed through 30 kDa 
membrane (ultra-filtration membrane, EMD Millipore Corporation, Billerica, MA, USA) 
which we considered as dissolved Fe fraction 21. The filtrate between 0.45 μm and 30 kDa 
size fractions was, therefore, defined as the colloidal Fe fraction. These bulk liquid filtrates 
were immediately acidified with conc. trace metal grade HNO3 (2% by vol) (Fisher 
Scientific, USA) and stored in 15mL falcon tube at 4 oC till further analysis.  
bEPS-Fe was determined after extracting bEPS from composite samples using 
sequential sonication and base treatment method 6. Ten mL of composite sample was 
subjected to centrifugation at 12000 rpm for 10 mins. The resulting supernatant was 
discarded and replaced with 5 mL phosphate buffer solution (10 mM NaCl, 1.2 mM 
KH2PO4, and 6 mM Na2HPO4). These samples were then homogenized at 700 rpm for 30 
s (IKA T18 basic Ultra-Turrax), followed by sonication (Fisher Scientific Sonic 
Dismembrator Model 500) at 10% strength for 40 s and centrifuged at 12000 rpm for 10 
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mins. The resulting supernatant was filtered through 0.45 μm cellulose filter. This filtrate 
was considered as bEPS extract via sonication treatment. The remaining pellet was re-
suspended in 5 mL phosphate buffer solution and its pH was increased to 10.5-11 using 1 
M NaOH 22. These samples were placed on shaker for 2 hrs at 425 rpm in 4 °C constant 
temperature room. After centrifugation, the resulting supernatant was filtered through 
0.45μm cellulose filter to obtain the bEPS extract via base treatment 22. After each 
treatment, the bEPS extracts were acidified with conc. trace metal grade HNO3 (2% by vol) 
before storing at 4oC till further analysis. Total bEPS-Fe was the summation of Fe content 
in sonic and base-treated bEPS extracts. Whole biomass Fe was determined after subjecting 
10 mL of composite sample to acid-digestion (method 3030 E) 23. Total Fe concentration 
in acidified bEPS extracts, bulk liquid fractions and whole biomass digest samples was 
quantified using inductively coupled plasma mass spectrometry (ICP-MS, Perkin-Elmer 
SCIEX). Pellet Fe was calculated by subtracting bEPS-Fe (0.45 μm) and bulk-liquid Fe 
(0.45 μm) from whole biomass Fe.  
Besides total Fe concentration, we also determined the oxidation states of Fe in 
different bulk liquid fractions using Ferrozine method 24. Ferrozine is a strong Fe (II) 
chelator which forms a magenta colored Fe-(FZ)3 complex with Fe (II) 25. Fe (II) 
absorbance was read at 562 nm using spectrophotometer (DR 2700 portable, Hach, USA), 
which was later quantified using ferrous ammonium sulfate standards. Fe (III) 
concentration was calculated by subtracting bulk-liquid Fe (II) from total bulk-liquid Fe 
concentration. 
Analytical Measurements. General analytical parameters such as total solids (TS), 
chlorophyll content and sludge volume index (SVI) were determined regularly using 
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standard methods 26. Phycobilin content in photogranular biomass was determined after 
modifying protocols by Bennett and Bogorad 27 and Islam et al 28. In brief, 10 mL of 
composite biomass sample was centrifuged at 12000 rpm for 10 mins. The obtained 
supernatant was discarded and replaced with 5 mL of 0.025 M phosphate buffer saline 
solution (pH 7.2). The sample was then homogenized (IKA T18 basic Ultra-Turrax) at 700 
rpm for 1 min and sonicated (Fisher Scientific Sonic Dismembrator Model 500) at 20% 
strength for 2 minutes. After treatment, the sample was centrifuged and its resulting 
supernatant was passed through 0.22 µm syringe filter (Basix, Fisher Scientific) prior to 
absorbance reading. Absorbance for phycoerythrin (PE), phycocyanin (PC) and 
allophycocyanin (APC) was read at 566, 620 and 652, respectively, using portable 
spectrometer (DR 2700, Hach, US). Absorbance was also read at 750 nm, to correct the 
background interference 29. Equations by Bennett and Bogorad 27 were used to quantify the 
concentrations of respective phycobilins. Phycobilin concentration was the summation of 
PE, PC and APC. Protein (PN) in bEPS extracts and bulk liquid fractions was measured 
using the modified lowry method 30 with bovine serum albumin as standard. Whereas, 
polysaccharide (PS) in extracted bEPS and bulk liquid fractions was measured using 
phenol-sulfuric method 31 with glucose as standard. Dissolved organic carbon (DOC) in 
different bulk liquid fractions was determined using a TOC analyzer (TOC-VCPH, 
Shimadzu, U.S.A). Dissolved oxygen in reactor was measured using potable DO probe 
(Orion star A223, Thermo Scientific). Bright light and auto-florescence microscopy 
(EVOS FL Color, AMEFC4300) was also performed on the produced OPGs to understand 
changes in microbial community, especially cyanobacteria, and the overall structural 
development.  
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Statistical Analysis. Pearson correlation coefficient and p-value analyses were conducted 
using the Pearson and two sample t-test, respectively, in Microsoft Excel 2019 to compute 
correlations and significance between the experimental variables.  
 
Results and Discussion 
Progression of photogranulation in hydrodynamic batches. The transformation of 
activated sludge flocs into OPGs in hydrodynamic batches is illustrated in Figure 5.1. It 
was observed that the floc size increased with negligible phototrophic growth during the 
first two to three days of incubation period. These aggregates were enriched with 
filamentous bacteria, which seemed to serve as their backbone. By Day 4, the increase in 
floc size was accompanied with phototrophic growth, which included filamentous 
cyanobacteria and eukaryotic green microalgae (Figure 5.1 C, I). The abundance of 
filamentous cyanobacteria appeared to be significantly lesser than eukaryotic microalgae 
(both filamentous and unicellular forms) during Day 4-12. Cyanobacteria became 
dominant phototrophic community in aggregates after Day 12. Growth of filamentous 
cyanobacteria has been established as a key driver for the formation of OPGs 1,4. Indeed, 
the continued growth of filamentous cyanobacteria in the aggregates prompted the 
formation of sphere-like OPGs (size range up to 1-2 mm) by Day 17-19 (Figure 5.1). The 
produced OPGs were enriched with filamentous cyanobacteria which existed throughout 
the photogranular biomass. Abouhend et al.4 also made similar microscopic observations 
with OPGs produced in bioreactors with diameters 2 mm or less.   
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Figure 5.1: Microscopic observation depicting the progression of photogranulation under hydrodynamic 
batch condition using Amherst (A-F) and Hadley (G-L) activated sludges. Panels E and K have scale bar of 
2000 µm, while the rest have scale bar of 400 µm. 
 
In terms of biomass concentration, Amherst and Hadley had an average total solids 
(TS) concentration of 1300±205 mg/L and 1573±175 mg/L, respectively (Figure S1). TS 
concentration showed decline during Day 0-2, likely due to the sludge degradation, after 
which it started to recover and reached plateau for the remaining course of cultivation. The 
VS/TS ratio was steady throughout the cultivation period with average values of 0.77±0.03 
(Amherst) and 0.74±0.06 (Hadley).  
We also conducted photopigments analysis to understand the extent of phototrophic 
growth in the hydrodynamic batches (Figure 5.2). Chlorophyll a and b showed negligible 
production during Day 0-3, which afterwards increased in both sludge sets (Figure 5.2 A, 
B). Both chlorophyll a and b are produced by eukaryotic microalgae, whereas only 
chlorophyll a is produced by cyanobacteria. Continued increase in chlorophyll a and b 
during Day 15-19 might suggest growth of eukaryotic microalgae. It should be noted that 
solids concentration and VS/TS ratio during Day 15-19 was steady (Figure S1). This 
potentially suggests bacterial cell lysis, which would support eukaryotic microalgal growth 
since their growth rate is faster than cyanobacteria.    
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Besides chlorophyll a and b, chlorophyll c showed gradual increase over the course 
of cultivation (Figure 5.2 C). The production of chlorophyll c suggested the growth of 
diatoms in the system, which was confirmed through microscopic observation (not 
included in figure). Chlorophyll a/b and a/c ratios were used to understand the growth of 
cyanobacteria with respect to eukaryotic microalgae and diatoms respectively (Figure 5.2 
D, E). Hadley showed an increase in chlorophyll a/b and a/c ratios over time which reached 
plateau by Day 15-19. Likewise, Amherst also showed similar trends for chlorophyll a/b. 
Phycobilin, an accessory pigment in cyanobacteria, was also used as an indicator for 
cyanobacterial growth (Figure 5.2 F). Phycobilin content showed gradual increase till Day 
12. Afterwards, phycobilin increased sharply and eventually reached stationary levels by 
Day 19.  These findings indicate that cyanobacteria continued to grow till Day 15 after 
which they reached stationary growth phase. Strong positive correlation existed between 
chlorophyll a and phycobilin for Amherst (r=0.92) and Hadley (r=0.93) sets. Likewise, 
strong positive correlation also existed between chlorophyll a/b and phycobilin (r=0.89 
Amherst; r=0.80 Hadley), and chlorophyll a/c and phycobilin (r=0.91 Amherst; r=0.86 
Hadley). Overall, these results indicate that hydrodynamic batches followed similar 
photogranulation phemonemon as hydrostatic cultivation8 i.e. the formation of OPGs is 
accompanied with the growth of phototrophs especially cyanobacteria, which eventually 
reach stationary growth phase. 
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Figure 5.2: Production of photo-pigment (A) chlorophyll a, (B) chlorophyll b, (C) chlorophyll c, (D) 
chlorophyll a/b, (E) chlorophyll a/c, and (F) phycobilin during the photogranulation process under 
hydrodynamic batch conditions. Error bars represent standard deviation from triplicate samples. 
 
Fate and dynamics of bulk-liquid Fe in hydrodynamic batches. Both sludges showed 
initial Fe content of 0.280±0.002 mg/L and 0.010±0.007 mg/L in dissolved and colloidal 
bulk liquid fractions respectively. However, upon incubation, a sharp release of Fe 
occurred in Amherst (Dissolved Fe, 0.320±0.002 mg/L; Colloidal Fe, 0.111±0.064 mg/L) 
by Day 0.5 and in Hadley (Dissolved Fe, 0.309±0.004 mg/L; Colloidal Fe, 0.071±0.043 
mg/L) by Day 0.83 (Figure 5.3). The sharp release of Fe was found to be associated with 
the development of anaerobic condition (Figure 5.3). Under this condition, most of the Fe 
existed as Fe (II), which is thermodynamically favored in the absence of oxygen. Besides 
anaerobic condition, Fe (II) can also be potentially produced through biological (via Fe-
reducing bacteria) and photo-chemical reduction pathways in this study. We found strong 
negative correlation between total bulk-liquid Fe (II) and dissolved oxygen (Amherst, r= -
0.84; Hadley, r= -0.80), which suggests anaerobic condition as a major cause for Fe 
reduction in this study. Among the size fractions, dissolved Fe (II) showed stronger 
negative correlation with DO (Amherst, r= -0.89; Hadley, r= -0.80) as compared to 
colloidal Fe (II) (Amherst, r= -0.43; Hadley, r= -0.49). Besides Fe (II), fraction of Fe (III) 
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was also present in bulk liquid fractions which did not undergo reduction under given 
reducing environment.   
After the release, the bulk-liquid Fe started to decrease till Day 2-3, after which it 
reached steady levels in both size fractions by Day 11 in Amherst and Day 8 in Hadley. Fe 
(II) dominated the bulk liquid system during the anaerobic condition (Day 0-3). However, 
it decreased in both bulk liquid size fractions due to the combination of (a) microbial 
consumption and (b) conversion into Fe (III) due to produced photosynthetic oxygen by 
growing phototrophs. Indeed, the decline in Fe (II) seemed to occur simultaneous with the 
increase in Fe (III) till Day 11, after which both Fe oxidation states reached plateau.  
A slight decline in dissolved Fe occurred simultaneous with increase in colloidal 
Fe during Day 8-15 in Hadley and Day 11-15 in Amherst. During this time period (Day 8-
19), strong positive correlation existed between colloidal Fe and soluble EPS (summation 
of PN and PS) in colloidal fraction (Amherst, r= 0.90; Hadley, r= 0.85). This shows the 
released soluble EPS can potentially form complexes with a fraction of dissolved Fe pool, 
thereby producing organically complexed colloidal Fe. It should be noted that irrespective 
of shift in Fe size distribution, the total bulk-liquid Fe content remained unchanged during 
this time period.  
The progression of photogranulation was accompanied with the release of DOC in 
both dissolved and colloidal bulk liquid fractions (Figure S2 A, C). According to literature, 
if Fe (III) is strongly bonded to ligands at low Fe/ligand ratio, then the organically 
complexed Fe needs to undergo biological and/or photochemical dissociation for effective 
uptake 32. In contrast, high Fe/ligand condition induces rapid exchange and production of 
unchelated Fe(III) from Fe (III)-ligand complex33. Fe/DOC ratio continued to decrease in 
 112 
the dissolved fraction till Day 11 after which it attained a steady state (Figure S2 B, D). 
Dissolved Fe/DOC was also very low throughout the experimental run with 0.041±0.023 
and 0.043±0.014 in Amherst and Hadley respectively. Likewise, low colloidal Fe/DOC 
ratios also existed in Amherst (0.005±0.004) and Hadley (0.010±0.008) during the entire 
cultivation period. These results imply that the availability of bulk-liquid Fe was negatively 
impacted by the release of DOC during the progression of photogranulation under 
hydrodynamic batches. These findings, along with the trends in bulk-liquid Fe size and 
oxidation state distribution, are similar to the previously reported hydrostatic cultivation 
study8.   
 
Figure 5.3: Fate of Fe and its oxidation states in dissolved (A, B) and colloidal (C, D) size fractions. 
Relationship of Fe content with dissolved oxygen (mg/L) is also depicted. Error bars represent the range of 
results from duplicate samples.  
 
Table 5.1 presents the detailed correlation analysis between different soluble EPS 
fractions and bulk-liquid Fe. Soluble EPS fractions exhibited negative correlation with 
dissolved total Fe and Fe (II). Among the soluble EPS fractions, PS exhibited strong 
negative correlation with dissolved Fe (II) (Amherst, r= -0.91; Hadley, r= -0.61) as 
compared to PN (Amherst, r= -0.59; Hadley, r= -0.53). Colloidal Fe pool displayed positive 
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correlation with soluble EPS fractions with an exception of colloidal Fe (II), which instead 
demonstrated a weak negative correlation. These findings are similar to earlier hydrostatic 
studies8. Fe (III) in both dissolved and colloidal fractions showed positive correlation with 
soluble EPS pool. Hydrostatic cultivations showed weak to moderate negative correlations 
between soluble EPS fractions and bulk-liquid Fe (III)8. Overall increasing soluble PS/PN 
ratio occurred along with the progression of photogranulation, which has been reported in 
previous hydrostatic studies 2,8,34. 
Table 5.1: Pearson correlation analysis of bulk-liquid Fe fractions with produced photo-pigments and 
extracellular polymeric substances (EPS) a,b 
 
 
Pearson correlation analysis was also conducted between bulk-liquid Fe and 
produced photo-pigments (Table 5.1). Phototrophic growth, as indicated by pigment 
production) showed higher dependence on dissolved Fe pool as compared to colloidal Fe 
pool. According to literature, Fe pool in the aquatic environment consists of particulate, 
colloidal, and dissolved forms, with dissolved fraction being the most available 35. Within 
the dissolved pool, only Fe (II) exhibited strong negative correlation with pigments, which 
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indicate dissolved Fe (II) as the preferred form of Fe for the phototrophic consumption. 
Colloidal Fe (II) pool, on the other hand, showed weak to moderate negative correlations 
with the produced pigments. The analysis also revealed a competitive environment 
between the different phototrophic communities for the consumption of dissolved Fe (II). 
Among the phototrophs, cyanobacteria and diatoms exhibited highest negative correlation 
with both dissolved and colloidal Fe (II) pool as compared to eukaryotic microalgae. This 
finding is different from earlier hydrostatic study which showed eukaryotic microalgae 
having comparatively stronger negative correlation with bulk-liquid Fe as compared to 
cyanobacteria and/or diatom8,34.  
Interaction between biomass-bound extracellular polymeric substances (bEPS) and 
Fe. The relationship between bEPS fractions and its associated Fe content is presented in 
Figure 5.4. During Day 0 to 4, bEPS protein (PN) declined sharply from 150.9±8.8 mg/L 
to 80.9±15.6 mg/L in Amherst and from 122.6±7.2 mg/L to 76.4±7.0 mg/L in Hadley. 
Significant degradation of bEPS-PN under anaerobic conditions has been reported to 
initiate the photogranulation process under hydrostatic environment 2,8,34. bEPS-PN content 
continued to decrease till Day 11 in both sludges, with higher degradation observed in 
Hadley as compared to Amherst. Afterwards, bEPS-PN reached steady levels in Amherst, 
while Hadley showed slight increase and then decline during Day 11-19. Overall, bEPS-
PN content decreased up to 64.1±3.7 % in Amherst and 76.0±0.1 % in Hadley during the 
progression of photogranulation. These trends are consistent with our earlier bEPS-PN 
observations during the photogranulation process in hydrostatic environment 8,34. 
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Figure 5.4: Changes in total Fe in extracted biomass-bound extracellular polymeric substances (bEPS-Fe, 
mg/L) during the progression of photogranulation under hydrodynamic batch cultivation. The figure also 
displays the impact on bEPS fractions and their relationship with bEPS associated Fe. Error bars represent 
standard deviation from triplicate samples.  
 
Figure 5.4 also show similar trends between bEPS-Fe and bEPS-PN during the 
photogranulation process. Indeed, Pearson correlation showed very strong positive 
correlation between bEPS-Fe and bEPS-PN (Amherst, r= 0.93; Hadley, r = 0.96). 
According to literature, Fe mostly resides within the sludge biomass matrix due to its strong 
affinity with EPS protein, 36 which is the major component of the activated sludge EPS 37. 
Previous studies have postulated that large release of Fe-linked proteins occur under 
anaerobic conditions due to Fe-reduction 36,38.  This suggest the release of Fe (II) in bulk 
liquid fractions (Figure 5.3) under anaerobic condition occurred due to the degradation of 
activated sludge. The results also illustrate that bEPS-PN was the major source of 
accessible Fe pool as it continued to decline along with the progression of 
photogranulation. bEPS-Fe content eventually reached steady levels during Day 15-19. 
During the same period, cyanobacterial growth (as indicated by phycobilin, chlorophyll 
a/b, chlorophyll a/c) seemed to reach stationary growth phase and OPGs made appearance. 
These findings further signal the similarity between hydrostatic and hydrodynamic batch 
conditions since we observed OPGs appearing around the time bEPS-Fe pool reached 
stable levels in hydrostatic condition 8,34.  
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Unlike protein, bEPS-PS initially increased from Day 0 to 2 in both sludges thereby 
yielding a moderate to strong negative correlation with bEPS-Fe (Amherst, r= -0.58; 
Hadley, r= -0.85). Afterwards, bEPS-PS declined and appeared to reach steady levels for 
the reminder of cultivation period. These changes resulted in a moderate to strong positive 
correlation with bEPS-Fe (Amherst, r= 0.37; Hadley, r= 0.92). bEPS-PS results contradict 
our earlier hydrostatic  observations where bEPS-PS and bEPS-Fe exhibited moderate to 
strong negative correlation during the progression of photogranulation 8. Fe can bind to 
extracellular PS in presence of carboxylic group especially uronic acid and is stated to 
accumulate over the outer polysaccharide sheath of cyanobacteria 39,40. It can be speculated 
that bEPS-PS might be another source of Fe in hydrodynamic batches, though not as major 
as bEPS-PN. Contrary to bEPS-PS, bEPS PS/PN ratio was found to increase along with 
the progression of photogranulation (Figure S3). Increasing bEPS PS/PN ratio is an 
established indicator for the promotion of OPGs in hydrostatic cultivation 1,2. In this study, 
moderately negative correlation existed between bEPS PS/PN and bEPS-Fe (Amherst, r= 
-0.56; Hadley, r= -0.61), which is comparative weaker to our earlier reported hydrostatic 
condition 8. Overall, the photogranulation process seems to be similar across the two batch 
cultivation conditions (i.e. hydrostatic and hydrodynamic) in terms of the fate of bEPS 
PS/PN, and bEPS-PN fraction and its associated Fe content.  
To understand the extent of phototrophic dependence on bEPS-Fe pool during the 
photogranulation process, we conducted detailed correlation analysis between bEPS-Fe 
and pigments (Table 5.2). Phycobilin showed strong negative correlation with bEPS-Fe 
(Amherst, r= -0.68; Hadley, r= -0.66) as compared to chlorophyll a (Amherst, r= -0.56; 
Hadley, r= -0.55) and chlorophyll b (Amherst, r= -0.60; Hadley, r= -0.55). Likewise, 
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chlorophyll a/b and a/c were also found to exhibit stronger correlation with bEPS-Fe than 
chlorophyll a and b in Hadley. These results demonstrate that cyanobacterial growth is 
depending more on bEPS-Fe pool than eukaryotic microalgae. Besides cyanobacteria, 
moderate correlation between chlorophyll c and bEPS-Fe also implied the reliance of 
diatoms on bEPS-Fe. These results are almost similar to current bulk-liquid Fe study which 
suggests that cyanobacterial and diatom community are thriving on both bEPS-Fe and 
dissolved Fe (II) pool under hydrodynamic operation. Previously we conveyed 
cyanobacteria depended mostly on bEPS-Fe for growth under hydrostatic cultivation 8 .  
Table 5.2: Pearson correlation coefficient of bEPS-Fe with produced pigments and different fractions of 
bEPS during hydrodynamic batch cultivation 
 
Distribution of Fe in the photogranular system. Average whole biomass Fe of 9.4±0.5 
mg/L and 10.3±1.3 mg/L was found in Amherst and Hadley activated sludges respectively. 
At the time of incubation, Fe content was highest in the pellet fraction (Amherst, 86%; 
Hadley, 88%), followed by bEPS extract (Amherst, 11%; Hadley, 9%) and bulk liquid 
(Amherst, 3%; Hadley, 3%) (Figure 5.5). The pellet Fe content continued to increase over 
the course of cultivation, reaching up to 89% in Amherst and 90% in Hadley by Day 19. 
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Contrarily, bEPS-Fe showed decline during the progression of photogranulation with 
decrease up to 3% in Amherst and 2% in Hadley. Bulk-liquid Fe decreased by only 0.3% 
in both sludges during the entire cultivation period. Both bulk liquid and extracted bEPS-
Fe fractions seemed to start reaching steady levels during Day 11-19. Overall the Fe 
distribution was similar between activated sludge and photogranular biomass i.e. pellet Fe 
>> bEPS Fe > bulk-liquid Fe. These Fe distribution trends were also found statistically 
similar across the two sludges (p<0.66).  
 
Figure 5.5: Distribution of Fe (%) in different fractions of photogranular biomass over the course of 
cultivation. 
 
Previous studies on hydrostatic cultivation revealed similar Fe distribution trend 
across the cultivation period i.e. highest Fe residing in pellet, followed by bEPS extract and 
bulk liquid fraction 8,34. However, the extent of Fe reduction in bEPS extract and bulk liquid 
was far higher in hydrostatic condition as compared to current hydrodynamic batches. 
Ansari et al.8 reported bEPS Fe content decreased from 7.6±1.5% to 1.3±0.2%, while bulk-
liquid Fe decreased from 5.2±1.9% to 0.8±0.2%  during the photogranulation process under 
hydrostatic condition. Oxic environments promote the formation of insoluble Fe (III) 
precipitates especially Fe (III) oxides in aquatic system. Literature also shows that Fe 
mostly exists in Fe (III)-organic complex and Fe (III) oxide form, with latter up to 60%, in 
the supernatant of activated sludge-based membrane bioreactor 41. It is possible that due to 
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the presence of shear, the rate of attachment of newly formed Fe (III)-organic complexes 
and/or precipitates to bEPS is greater than the rate of consumption of bEPS associated Fe 
(III) pool, thereby impacting the accessibility of Fe. This might suggest why we don’t 
observe higher utilization of Fe in both bulk liquid and bEPS fractions as compared to 
hydrostatic cultivation.  
Pellet fraction can contain intracellular Fe, Fe precipitates/minerals and/or Fe 
bonded to unextractable EPS pool. Intracellular Fe content in AS bacteria is reported to be 
approximately 0.2% of the dry mass 42. Activated sludge VSS contains bacterial cells, 
negligible phototrophic community and EPS, with latter accounting up to 50 to 80% of the 
organic content 43. The average VSS content in this study was 873±131 mg/L (Amherst) 
and 1024±134 mg/L (Hadley). Considering 20 to 50% VSS belonged to bacterial cells, it 
can be expected that the intracellular Fe content in activated sludge bacteria would be 
around 0.3 to 0.9 mg/L and 0.4 to 1.0 mg/L in Amherst and Hadley respectively. This 
means intracellular Fe can be less than 10% of total biomass Fe in activated sludges, with 
>90% Fe residing in extracellular fraction.  
Now the progression of photogranulation was accompanied with the growth of 
phototrophs. Literature shows eukaryotic microalgae has intracellular Fe approximately 1-
3% of phosphorus 44, which is typically 2.7% of VSS in activated sludge 45. Meanwhile, 
Cyanobacteria are noted to require five to eight times higher cellular Fe: C ratio than 
eukaryotic algae under similar lighting conditions 46 and 10 folds higher cellular Fe than 
non-photosynthetic prokaryotes 47. Considering cyanobacterial enrichment in OPGs and 
their high Fe requirement, we can expect maximum phototrophic intracellular Fe content 
to be around 2 to 3 mg/L, in both sludges, if phototrophs consumed 50% VSS content. 
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Assuming bacteria retained their intracellular Fe, we can expect the maximum total 
intracellular Fe to be 30 to 40 % of total biomass Fe. These calculations suggest the increase 
in pelletize Fe fraction is contributed by increase in phototrophic intracellular Fe content. 
Ansari et al. 8 also suggested similar range of intracellular Fe content in photogranular 
pellet fraction under hydrostatic cultivation.  
Intracellular Fe calculations suggest 60 to 70% pellet Fe can potentially exist as Fe 
precipitate/minerals and/or Fe remaining in unextracted EPS pool. Our earlier hydrostatic 
study revealed the presence of amorphous Fe (III) oxides/oxyhydroxides in activated 
sludge and photogranular biomass 8. In this study, the production of dissolved oxygen can 
lead to the formation of insoluble ferric oxyhydroxides, which can promote biomass 
aggregation by serving as a substratum. The presence of amorphous Fe (III) oxides in 
granular biomass can also become available with time as the OPG size continue to increase. 
According to Wahid et al.48 amorphous Fe (III) oxides are more accessible than crystalline 
Fe (III) oxides and that they undergo reductive dissolution by bacteria under anaerobic 
conditions. Abouhend et al.7 recently demonstrated that hydrodynamically-produced OPGs 
starts to develop defined oxic and anoxic zones within the granule once the diameters 
become greater than 2.5mm. It can, therefore, be expected that the reductive dissolution of 
Fe precipitates/minerals by the bacterial community over time 49, may help sustain the 
phototrophic community when OPG become greater than 2.5 mm in size. Besides bacterial 
symbiosis, cyanobacteria can also produce extracellular Fe (III) chelators namely 
siderophore to scavenge Fe from unconventional Fe pool for growth 50. Future studies 
should be conducted to track the fate and nature of Fe in pellet fraction of OPGs of different 
size-ranges to verify these speculations.  
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Biomass settleability and Fe. Sludge volume index (SVI, mL/g) was determined to 
understand the impact on biomass settleability during the photogranulation process (Figure 
5.6). Mixed photogranular biomass in Amherst showed decreasing SVI over the course of 
cultivation. It decreased up to 129±64 and 89±50 mL/g after 5 and 30 minutes of settling 
time, respectively, by the end of the cultivation period. No statistical difference was seen 
between SVI5 and SVI30 of Amherst system (p<0.18). Decreasing SVI5 and SVI30 trends 
occurred in Hadley, however, they were statistically different from each other (p<0.03). 
The undiluted activated sludge, which was collected from the WWTP for the batch 
operation, showed SVI30 in the range of 315-375 mL/g and 215-300 mL/g in Amherst and 
Hadley respectively. This shows that produced photogranular biomass have higher 
settlability as compared to activated sludge flocs.  
 The extent of OPG formation was also investigated by analyzing the SVI5/SVI30 
ratio (Figure 5.6). According to literature, granule-based systems exhibit SVI5/SVI30 nearer 
to 1 since approximately all of the granular biomass settle by 5 mins 51. SVI5/SVI30 initially 
increased from 1.3 to 2.4 in Amherst during Day 0 to 4. In contrast, Hadley showed initial 
decrease from 3 to 2.1 and later increase up to 2.7 by Day 4. This increasing SVI5/SVI30 is 
due to the higher rate of activated sludge degradation than the formation of 
photogranulation during this time period. SVI5/SVI30 started to decrease from Day 4 
onwards reaching ratios as low as 1.5 and 1.3 in Amherst and Hadley respectively. These 
results support the earlier microscopic observations that depict the increase in size and 
formation of the OPGs after Day 4 in both Amherst and Hadley batches.  
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Figure 5.6: Impact on biomass settleability as measured by sludge volume index after 5 mins (SVI5) and 30 
mins (SVI30). Error bars represent the range of results from quadruple samples. 
 
Pearson correlation analysis was also conducted to understand the relationship 
between Fe content and biomass settleability (Table 5.3). bEPS Fe pool exhibited strong 
positive correlation with both SVI5 (Amherst, r= 0.74; Hadley, r= 0.89) and SVI30 
(Amherst, r= 0.76; Hadley, r= 0.86) during the course of batch operation. During the same 
time period, dissolved bulk-liquid Fe showed moderate to strong positive correlation with 
SVI5 (Amherst, r= 0.36; Hadley, r= 0.82) and SVI30 (Amherst, r= 0.55; Hadley, r= 0.82). 
These findings reflect comparatively weaker correlation strength between dissolved bulk-
liquid Fe and SVI in contrast to bEPS-Fe and SVI. The positive correlations indicate strong 
influence of phototrophic growth especially cyanobacteria on the promotion of granular 
settleability. SVI5/SVI30 also showed moderately positive correlation with different Fe 
fractions in Hadley. Correlation between SVI5/SVI30 and bEPS-Fe and dissolved Fe 
became positive in Amherst from Day 8 onwards (EPS-Fe, r= 0.25; Dissolved Fe, r= 0.87).  
Unlike bEPS and dissolved bulk-liquid Fe, colloidal bulk-liquid Fe pool showed 
weak to moderate negative correlation with both SVI5 (Amherst, r= -0.60; Hadley, r= -
0.46) and SVI30 (Amherst, r= -0.54; Hadley, r= -0.25). Besides colloidal pool, pellet Fe 
fraction also exhibited negative correlations with SVI5 (Amherst, r= -0.38; Hadley, r= -
0.78) and SVI30 (Amherst, r= -0.47; Hadley, r= -0.77) during the course of 
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photogranulation. According to Juang et al,52 the accumulation of Fe precipitates (in form 
of Fe phosphates and oxides) in the granule leads to enhanced structural stability. Other 
studies have also reported that presence of Fe precipitates increased the size, stability and 
settling velocities of aerobic 53 and anaerobic granules 54. We observed the presence of Fe 
(III) oxides/oxyhydroxides in hydrostatic cultivation which mostly resided within the 
photogranular biomass8. In this study, the oxic environment is also expected to encourage 
the formation of Fe (III) oxide, which will continue to accumulate in photogranular 
biomass over time and promote biomass settleability. Biomass-bound EPS PS/PN also 
demonstrated negative correlation with SVI5 (Amherst, r= -0.61; Hadley, r= -0.62) and 
SVI30 (Amherst, r= -0.59; Hadley, r= -0.42). Overall, these results imply that the 
photogranular stability in hydrodynamic batches is dependent upon the growth of 
cyanobacterial community and the presence of potential Fe precipitates within the OPG.  




From initial incubation of activated sludge to the formation of OPGs, this study presents 
how fate and dynamics of Fe may influence the progression of photogranulation under 
hydrodynamic batch conditions. Previous study on hydrostatic cultivation revealed the 
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limitation of available Fe as one of the major driving factors in the photogranulation 
phenomena by influencing the cyanobacterial community. This study also demonstrated 
that the progression of photogranulation was accompanied with the growing limitation of 
available Fe pool in bulk liquid and bEPS fraction. We observed multiple similarities 
between batch hydrodynamic and previously reported hydrostatic cultivation with respect 
to Fe behavior which includes: 
- The fate of Fe in different bulk liquid size fractions and oxidation states and their 
relationship with released DOC content. Fe/DOC ratios decreased in the bulk liquid 
fractions, which is known to impact the availability of Fe. 
- Extracted bEPS-Fe pool demonstrated decreasing trend which reached plateau after 
which OPGs started to appear.  
- Strong negative correlation between bEPS-Fe and phototrophic growth especially 
cyanobacteria  
- Distribution of Fe in the photogranular system with highest content residing in 
pellet fraction, followed by extracted bEPS and bulk liquid.  
It will be interesting to examine by future studies how pellet Fe fraction changes with 
increase in photogranular size.  Future studies can also focus on ecology, genomic and 
proteomics analysis to better understand the distribution/abundance of microbial 
communities in batch hydrodynamically-produced OPGs, the genes associated with Fe 
storage and limitation, and whether these protein expressions are active or not, respectively. 
The current study establishes Fe as a major player in influencing cyanobacterial physiology 
and ultimately the formation of photogranulation. Continued investigations on the role of 
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Fe is expected to enhance our fundamental knowledge on the photogranulation 
phenomenon. The acquired knowledge will make significant contribution in promoting 
successful production of OPGs and designing of an effective OPG-based wastewater 
treatment technology.  
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CHAPTER 3 
INVESTIGATING THE ROLE OF IRON IN THE FORMATION OF OXYGENIC 
PHOTOGRANULES 

















Figure S1: Microscopic observation indicating the changes in microbial community during Day 5 (A-C), 
Day 9-12 (D-I) and Day 15-18 (J-L). Figures A-C show the growth of unicellular and filamentous green 
microalgae in the top layer of settled sludge biomass. Figures D-F display outgrowth of filamentous green 
microalgae which was also part of extracellular slime, whereas figures G-I illustrate the appearance of 
cyanobacteria (indicated by golden-orange fluorescence) in top layer of settled biomass. Figure J-L shows 
the growth of filamentous cyanobacterial which eventually dominated the phototrophic community. Scale 








Figure S2: Total and volatile suspended solids (TSS and VSS, mg/L) during the progression of 
















































Figure S3: Impact on chlorophyll a/b and chlorophyll a/c in the three sludges during photogranulation 

























































Figure S4: Impact on dissolved organic carbon (DOC) in different bulk liquid size fractions during the 
photogranulation process. Error bars represent range of results from duplicate samples. 
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Figure S5: Impact on Fe/DOC ratio in different bulk liquid fractions of (A) Amherst, (B) Hadley and (C) 




Figure S6: Powder X-Ray diffraction patterns of (A) Amherst, (B) Hadley and (C) Springfield showing the 
existing of iron mostly in amorphous forms in both activated sludge and photogranule (OPG). We did not 
observe a complete diffraction pattern for any known crystalline ferric oxide. It should also be noted that 




Figure S7: Impact of Ferrozine reagent on the fate of total Fe concentration (mg/L) in the bulk liquid fraction 
(0.45 µm) during the formation of hydrostatic OPGs at low light intensity using Amherst activated sludge. 
(source: Ansari et al. chapter 2 The impact of light intensity on Fe availability and photogranulation process 






















APPENDIX: SUPPLEMENTARY INFORMATION 
 
CHAPTER 4 
IMPACT OF LIGHT INTENSITY ON IRON AVAILABILITY AND 
PHOTOGRANULATION PROCESS UNDER HYDROSTATIC CONDITIONS 
















Figure S1: (A) Macroscopic observation of the progression of photogranulation at different stages of 
cultivation period. Low light set reached midpoint (mat-like contraction of biomass) by Day 15 after which 
the biomass started to granulate into mature OPGs by week 4-6. Low light set also showed the production of 
excessive extracellular slime. Medium light set had its midpoint by Day 10-12, where it formed a compact 
mat-like structure that started to rise. The biomass transformed into mature OPGs after week 2. High light 
set had midpoint around Day 3-5, and mature OPGs appeared by the end of week 1.  
Top panel (B) shows the degradation of photogranular biomass under continued exposure to high light 
conditions. Bottom panel (B) shows auto-fluorescence microscopy of cross-sectioned OPG in the later stages 













Figure S2: Ratios of Fe to (A) nitrate (NO3-), (B) sulfate (SO42-), (C) dissolved organic carbon (DOC), and 





Figure S3: Changes in soluble extracellular polymeric substances (sEPS)’ protein (PN) (A, B) and 
polysaccharide (PS) (C, D) under different lighting conditions. Figures A, C are from dissolved bulk liquid 
fraction whereas B, D are from colloidal bulk liquid fraction. Error bars represent the range of results from 











Figure S4: Impact of light intensity on dissolved organic carbon (DOC) (A, B) and dissolved organic 
nitrogen (DON) (C, D) during the progression of photogranuation. Error bars present the range of results 




Table S1: Pearson correlation analysis of dissolved organic carbon (DOC) and dissolved organic nitrogen 








Figure S5: Effect on total Fe concentration (mg/L) and photogranulation in the activated sludge sets spiked 
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CHAPTER 5 
THE FATE AND DYNAMICS OF IRON DURING THE TRANSFORMATION OF 
ACTIVATED SLUDGE INTO OXYGENIC PHOTOGRANULES UNDER 
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Figure S1: Changes in the (A) total solids concentration (TS, mg/L) and (B) volatile solids/ total solids ratio 
(VS/TS) during the progression of photogranulation under hydrodynamic batch condition. Error bars 













Figure S2: Dissolved organic carbon (DOC) and Fe/DOC ratio in dissolved (A, B) and colloidal (C, D) bulk 

































Figure S3: Changes in biomass bound extracellular polymeric substances polysaccharide to protein (bEPS 
PS/PN) ratio during the progression of photogranulation under hydrodynamic batch condition. Error bars 
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